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Abstract 
 
A key question in trying to understand embryonic development is what are the signals required to 
drive the differentiation of a progenitor cell population into distinct cell types? Upon receiving 
differentiation signals, cells undergo a myriad of responses such as mitosis, changing morphology, 
migration, changing adhesive properties, integrating with other cells and changing potentiality. The 
intermediate mesoderm is the progenitor tissue that gives rise to the majority of cell types in the 
urogenital system. While many factors that determine the specification of the intermediate 
mesoderm are known, the signalling pathways that determine the partitioning and differentiation of 
the intermediate mesoderm into the gonad, reproductive tract and kidney are unclear. Defining the 
fundamental signals and morphogenic processes that regulate the differentiation of the urogenital 
system will assist in our understanding of the basis of Disorders of Sex Development and 
Congenital Anomalies of the Kidney and Urinary Tract. In this project, the function of several 
signalling pathways that determine the patterning of the urogenital ridge in mouse were 
investigated. 
 
First, the function of the ROBO2-SLIT2 pathway in patterning the kidney domain in the early 
urogenital ridge was examined. Loss of Robo2 in mouse and human is known to result in the 
formation of supernumerary kidneys driven by an expansion of Gdnf expression. Examination of 
the early urogenital ridge revealed that the number of cells in the nephrogenic cord was increased in 
Robo2-null mice, resulting in ectopic caudal mesonephric tubules and an expanded metanephric 
mesenchyme. In addition, the metanephric mesenchyme fails to separate from the Wolffian duct 
during kidney development, suggesting that the morphogenesis of the metanephric mesenchyme 
away from the Wolffian duct may result from active cell migration.   
 
Second, the anterior-posterior extension of the intermediate mesoderm and the upper and lower 
urinary tract differentiation was investigated in Wnt5a-null mice. It was observed that Wnt5a-null 
mice develop a horseshoe kidney. Underlying horseshoe kidney formation, Wolffian duct migration 
and insertion into the cloaca are disrupted in Wnt5a-null mice. These defects were reminiscent of 
mice with perturbed retinoic acid signalling, which led to the finding that the Wolffian duct is 
exposed to abnormally high levels of retinoic acid in Wnt5a-null mice. Therefore, the likely 
underlying cause of Wolffian duct migration defects in Wnt5a-null mice is exposure to increased 
retinoic acid concentrations, secondary to the failure of global axis extension. 
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Third, the anterior-posterior extension of the gonad domain in intermediate mesoderm patterning 
was investigated by studying mouse mutants with a defect in retrograde trafficking of primary cilia. 
Mouse mutants of the primary cilium component Ift144, develop XY and XX gonads that are larger 
than wild-type. Investigation of the early patterning of the urogenital ridge found the anterior-
posterior domain of the gonad was extended with a concomitant extension of the embryo trunk axis. 
Extension of the anterior-posterior gonad axis resulted in an increase in testis cord number, 
suggesting that the gonad domain is partitioned along the available space rather than partitioned a 
finite number of times. In addition, somitogenesis in the trunk of the embryo was disrupted, with 
somitogenesis in the tail proceeding correctly, suggesting that perturbed somite segmentation may 
be the cause of the increased trunk extension. Thus, analysis of Ift144 mouse mutants has suggested 
that the length of the trunk axis of the embryo is the main determinant of the gonad anterior-
posterior domain and helped to clarify the paradigm of testis cord formation. 
 
Fourth, the expression, regulation and function of the microRNA miR-202 was examined in testis 
differentiation. miR-202-5p/3p was detected as being expressed specifically in the Sertoli cells, 
during XY gonad differentiation. Over-expression of pri-miR-202 in XX gonads did not perturb XX 
gonad differentiation, suggesting that pri-miR-202 does not directly antagonize the XX 
differentiation pathway. Furthermore, investigation of the pri-miR-202 promoter regions identified 
that pri-miR-202 is a direct target gene of the key male determining factor SOX9, suggesting that 
miR-202-5p/3p may function to enforce XY testis differentiation.   
 
In summary, work presented in this thesis has elucidated signalling pathways and morphogenic 
events that are required for differentiation of the intermediate mesoderm into the urogenital system. 
This work has identified key determinants of anterior-posterior axis of the kidney and gonad 
domains, and examined the consequences of expansion or reduction of these fields. In addition, a 
non-coding RNA was identified in testis development downstream of the male determining gene 
SOX9, which may function in the testis differentiation pathway. Importantly, investigation of the 
genetic networks and basic biology of urogenital ridge formation informs our understanding of the 
basis of human developmental disorders such as Disorders of Sex Development and Congenital 
Anomalies of the Kidney and Urinary Tract. 
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Chapter 1 INTRODUCTION TO UROGENITAL RIDGE DEVELOPMENT 
1  
1.1 Development of the intermediate mesoderm 
 
1.1.1 Intermediate mesoderm specification depends on inductive and repressive signals from the 
paraxial and lateral plate mesoderm. 
During embryonic development, the progenitors of all embryo-proper tissues are specified during 
gastrulation, giving rise to three primary germ layers or the ectoderm, endoderm and mesoderm. 
Further sub-specialisation of the mesoderm to the intermediate mesoderm specifies the progenitor 
cells for the majority of the urogenital system. Here are summarised the cellular and inductive 
events in embryogenesis required for intermediate mesoderm formation. 
 
The hallmark of gastrulation is the formation of the primitive streak. Epiblast cells subsequently 
ingress through the primitive streak to form a new mesodermal layer or are incorporated in the 
visceral endoderm to become new definitive endoderm (Tam and Beddington, 1987). On the other 
hand, epiblast cells that do not pass through the primitive streak become the embryonic ectoderm 
and in combination, the ectoderm, endoderm and mesoderm comprise the three primary germ layers 
(Lawson and Pedersen, 1987; Tam, 1989; Tam and Beddington, 1987). Cells specified to become 
mesoderm give rise to five mesoderm compartments: (1) the axial mesoderm or notochord; (2) the 
paraxial mesoderm, which gives rise to the axial skeleton and skeletal muscle; (3) the intermediate 
mesoderm, which gives rise to most of the urogenital system; (4) the lateral plate mesoderm, which 
is allocated to the circulation, gut wall and limb buds; (5) Extra embryonic mesoderm or yolk sac 
vasculature and blood (Kinder et al., 2001; Smith et al., 1994; Tam and Beddington, 1987) (Fig 
1.1).  Morphogenic cell movement through the primitive streak has been shown to define the fate of 
cells (Parameswaran and Tam, 1995; Wilson and Beddington, 1996).  
 
Fate mapping of mouse primitive streak cells at 7.5 days post coitum (dpc) has suggested that cells 
of the most anterior level of the primitive streak give rise to the definitive endoderm and axial 
mesoderm, cells of the next top segment of the primitive streak give rise to the paraxial mesoderm, 
cells of the middle-posterior segment give rise to the intermediate and lateral plate mesoderm, and 
cells of the most posterior position of the primitive streak give rise to the extra embryonic 
mesoderm (reviewed by Robb and Tam, 2004; Smith et al., 1994; Sulik et al., 1994). The timing of 
recruitment of mesodermal cells also specifies their final destination in the embryonic body axis, 
2 
with the first recruited cells being in a more anterior position in their respective tissue compartment 
(Kinder et al., 1999; Tam and Beddington, 1992).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Intermediate mesoderm induction.  
The intermediate mesoderm (blue) is induced by a gradient of BMP4 from the lateral plate mesoderm (red) and 
repressive signals and transcriptional networks from the paraxial mesoderm (green). View represents a cross-section 
through one side of the embryo midline at 8.0 dpc.  
 
Transplantation and explant experiments in chick have elucidated a number of signals required to 
specify the fate of intermediate mesoderm. While prospective intermediate mesoderm cells in the 
primitive streak appear to be relatively uncommitted, shortly after the trunk mesoderm begins to 
gastrulate a balance of signals from the lateral plate and axial tissues pattern the prospective 
intermediate mesoderm leaving the primitive streak. Chick-quail graft experiments have identified 
that the lateral plate mesoderm contains an activity that represses intermediate mesoderm gene 
expression while axial tissues promote intermediate mesoderm induction (James and Schultheiss, 
2003). Intriguingly, lateral plate mesoderm grafts with paraxial mesoderm have been shown to be 
sufficient to induce intermediate mesoderm gene expression in the paraxial mesoderm, suggesting 
that the lateral plate mesoderm has both inductive and repressive effects on intermediate mesoderm 
formation (James and Schultheiss, 2003). Underlying these observations it was found that a gradient 
of bone morphogenetic protein (BMP) signalling is required to activate intermediate and lateral 
plate mesoderm gene expression. Low doses of BMP signalling activates transcription of 
intermediate mesoderm gene expression such as odd-skipped related 1 (Osr1), paired box 2 (Pax2) 
3 
and LIM/homeobox protein 1 (Lim1 or Lhx1), whereas high doses of BMP signalling in the lateral 
plate mesoderm activates negative feed back-loops to restrict intermediate mesoderm gene 
expression, explaining both the inductive and repressive effects of the lateral plate mesoderm on the 
intermediate mesoderm (James and Schultheiss, 2005). In addition, bone morphogenic protein 4 
(BMP4) signalling is antagonized in the paraxial mesoderm by Noggin, cementing a BMP dose-
dependent model of mesoderm specification (Wijgerde et al., 2005) (Fig. 1.1).  
 
Supporting a conserved role for BMP signalling in the intermediate mesoderm, genetic ablation of 
BMP2/4 receptor, bone morphogenetic protein serine threonine kinase type I receptor (Alk3), in 
mouse nephrogenic cord resulted in widespread defects in intermediate mesoderm-derived tissues, 
such as reduced metanephric mesenchyme, reduced caudal mesonephric tubules and a reduction in 
Leydig cells (Di Giovanni et al., 2011). While it is uncertain if these widespread urogenital defects 
are indicative of independent lineage-specific phenotypes or the result of overall fewer cells in the 
nephrogenic cord, it is clear that correct BMP signaling is required for the specification and 
differentiation of the intermediate mesoderm lineage.  
 
Furthermore, activation of Vg/Nodal signaling in gastrulating chick embryos has been shown to 
promote the formation of intermediate mesoderm at the expense of paraxial mesoderm. Activation 
of Nodal-like signalling induces phosphorylation of SMAD1/5/8, which is normally associated with 
activated BMP signalling. Moreover, Nodal-like signalling requires active BMP signalling to 
induce intermediate mesoderm formation, suggesting that Vg/Nodal modulates BMP signalling, 
although the mechanism underlying these observations is unclear (Fleming et al., 2013).  
 
Additional regulators have been found that influence the medial-lateral patterning of the mesoderm. 
The transcription factors forkhead box C1 (Foxc1) and forkhead box C2 (Foxc2) have been 
detected as being expressed in a gradient along the embryonic medial-lateral axis, with high 
expression in the medial paraxial mesoderm (Kume et al., 2000). Recent data suggest that 
Foxc1/Foxc2 expression is downstream of sonic hedgehog (Shh) signalling from the notochord 
and/or floorplate (Murashima et al., 2014). In Foxc1 and Foxc2 null double homozygous mouse 
embryos the paraxial mesoderm is re-specified to form intermediate mesoderm, resulting in 
embryos that do not form somites and an expansion of intermediate mesoderm-derived nephric duct 
and nephrogenic cord structures. Foxc1 and Foxc2 act dose-dependently to regulate the medial 
expansion of the intermediate mesoderm, suggesting that both factors collaboratively function in 
promoting paraxial mesoderm fate over intermediate mesoderm (Wilm et al., 2004). Furthermore, 
ectopic expression of Foxc1 or Foxc2 in chick induced expression of paraxial mesoderm genes in 
4 
the intermediate mesoderm but not in lateral plate mesoderm tissue. Thus, Foxc1/Foxc2 are both 
necessary and sufficient for paraxial mesoderm specification, but only in the context of paraxial 
versus intermediate mesoderm allocation (Wilm et al., 2004) (Fig. 1.1).  
  
1.1.2  The intermediate mesoderm differentiates to establish the urogenital system 
The intermediate mesoderm contributes to the majority of cell types in the urogenital system. At 8.0 
dpc in mouse, the Wolffian ducts (WDs) first appear as paired short transient segments within the 
most anterior region of the pronephros formed by mesenchyme-epithelial transition of the dorsal 
part of the anterior intermediate mesoderm (Bouchard et al., 2002; Grote et al., 2006; Pedersen et 
al., 2005). Differential expression of Hox genes HoxB4 and HoxA6 in the primitive streak is 
associated with prospective duct forming and non-duct forming intermediate mesoderm, 
respectively (Attia et al., 2012). The overlying surface ectoderm is required for WD formation, 
likely through secretion of BMP4 (Obara-Ishihara et al., 1999). In addition, expression of both Pax2 
and Pax8 are required for the intermediate mesoderm to undergo mesenchyme-to-epithelial 
transition during WD formation (Bouchard et al., 2002).   
 
Initially, the pronephros or the first primordial kidney forms transiently from these epithelial ducts, 
only to quickly degenerate (Bouchard et al., 2002; reviwed by Saxen and Sariola, 1987). 
Subsequently, the paired WDs extend as continuous tubes spanning the length of the urogenital 
ridge, terminating in the cloaca by 9.5 dpc (Bouchard et al., 2002; reviwed by Joseph et al., 2009). 
In chicken, the WD induces the epithelialisation of the overlying sheet of cells as it migrates, to 
form the coelomic epithelium (Yoshino et al., 2014). The remaining ventral intermediate mesoderm 
is termed the “nephrogenic cord”. The posterior extension of the nephrogenic cord is not dependent 
on the migration of the WD (Grote et al., 2006; Soueid-Baumgarten et al., 2014). From this early 
urogenital ridge, the ventral intermediate mesoderm contributes to three main organs, the 
mesonephros, the metanephros and likely the gonad (Di Giovanni et al., 2011; Kobayashi et al., 
2008; Mugford et al., 2008b) (Fig. 1.2). 
 
At approximately 10 dpc, mesenchymal condensations of the nephrogenic cord in the anterior 
portion of the mesonephros undergo a mesenchymal-to-epithelial cell transition to form 
mesonephric tubules (Mugford et al., 2008a). The metanephric kidney forms at the level of the hind 
limb from the posterior intermediate mesoderm at 10.5 dpc (reviewed by Saxen and Sariola, 1987). 
The nephrogenic cord marked by Osr1 gives rise to both the forkhead box D1 (Foxd1)-positive 
interstitial cells and the SIX homeobox 2 (Six2)-positive cap mesenchyme of the kidney (Mugford 
et al., 2008b), whereas the ureteric bud/epithelium is derived from the WD (Kress et al., 1990; 
5 
Mugford et al., 2008b; Srinivas et al., 1999). The gonad primordia are paired structures that develop 
at the ventro-medial surface of the mesonephros and are first visible at around 10 dpc. The gonad at 
10.5 dpc is composed of a number of cell types, including somatic cells derived from proliferation 
of coelomic epithelial cells, germ cells that have migrated from the hindgut and likely, a 
ventromedial portion of the cells from the nephrogenic cord contributing to the gonad interstitium 
(Di Giovanni et al., 2011; Karl and Capel, 1998; Lawson and Hage, 1994) (Fig. 1.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2 Intermediate mesoderm differentiation.  
A portion of the intermediate mesoderm undergoes mesenchyme-to-epithelial transition to form the Wolffian duct 
(WD) and the remaining intermediate mesoderm remains as the nephrogenic cord. The first primordial kidney 
differentiates and degenerates (red crosses) within a short developmental window. The WD and nephrogenic cord 
extend until termination in the cloaca and the second primordial kidney, the mesonephros (light grey), differentiates. 
The nephrogenic cord contributes to the caudal mesonephric tubules (MTcd) and a portion of the cranial mesonephric 
tubules (MTcn).  The nephrogenic cord condenses to form the metanephric mesenchyme (MM) and induces the 
outgrowth of the ureteric bud (UB) in the metanephros. As outgrowth of the UB occurs, the ureteric mesenchyme (UM, 
dark grey) is sandwiched between the WD and the MM. Only one of the bilateral urogenital ridges is shown. 
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1.2  Gonad development  
 
In mammals, sex is determined genetically, which influences many aspects of their physical, social, 
and psychological identity. In the presence of a Y chromosome, the gonadal primordium will 
differentiate into a testis, whereas in the absence of the Y chromosome an ovary will develop. The 
testis and ovary subsequently direct the differentiation of the majority of secondary sex 
characteristics down the male and female pathway, respectively. 
 
1.2.1  The establishment of the bipotential gonads combines somatic and germ cell lineages. 
The development of the gonads is unique in that the same primordium possesses the potential to 
differentiate into two morphologically and functionally distinct organs, testis and ovary. These 
primordia, the bipotential or indifferent genital ridges, are paired structures that develop at the 
ventro-medial surface of the mesonephros as part of the urogenital system. In mice, the genital 
ridges are first visible at around 10 dpc and increase in size due to proliferation of coelomic 
epithelial cells. The genital ridges consist of several precursor cell lineages including supporting, 
steroidogenic and interstitial cell precursors (reviewed in Wilhelm et al., 2007b). Primordial germ 
cells (PGC), the precursors of sperm and egg, are specified extra-embryonically before gastrulation 
at the posterior end of the primitive streak (Chiquoine, 1954; Lawson and Hage, 1994). From there 
they migrate into the adjacent endoderm, along the midline of the hindgut, through the dorsal 
mesentery to colonize the forming genital ridges between 10.0 and 11.5 dpc (reviewed by 
Richardson and Lehmann, 2010). 
 
1.2.2 Sex determination depends on a balance of factors both promoting and repressing testicular 
and ovarian fate in the gonads. 
In mammals, the first sign of sexual differentiation is when the bipotential gonad starts to develop 
into either a testis or an ovary in XY and XX individuals, respectively (Fig. 1.3). This decision is 
made around 11.5 dpc in mice and 6 weeks of gestation in humans, when Sry (SRY in humans), the 
male-determining gene on the Y chromosome, is expressed in the somatic supporting cell lineage or 
pre-Sertoli cells of the XY genital ridge (Albrecht and Eicher, 2001; Bullejos and Koopman, 2001; 
Wilhelm et al., 2005). In mice, Sry is expressed in a wave starting at 10.5 dpc in the centre of XY 
gonads, spreading to the poles and reaching a maximum at 11.5 dpc before declining in the same 
centre-to-pole like pattern. Using transgenic mice, a 14 kb genomic region containing the Sry 
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coding sequence and flanking regions has been demonstrated to be sufficient to induce XX sex 
reversal (Koopman et al., 1991b).  
 
Shortly after Sry expression, the SRY-box containing gene 9 (Sox9) is expressed in the pre-Sertoli 
cells in the same dynamic wave but unlike Sry, Sox9 expression in Sertoli cells is maintained 
throughout embryogenesis and into adulthood (Kent et al., 1996; Morais da Silva et al., 1996). In 
humans (Wagner et al., 1994) and mice (Chaboissier et al., 2004; Vidal et al., 2001) gain- and loss-
of-function experiments directed at SOX9 function have demonstrated that, like SRY, SOX9 is both 
necessary and sufficient for testis differentiation. Both SRY and steroidogenic factor-1 (SF1) 
synergistically activate an enhancer element upstream of Sox9 termed “testis-specific enhancer of 
Sox9 core” (TESCO) (Sekido and Lovell-Badge, 2008). Following the initial induction by SRY, 
SOX9 binds, together with the transcription factor SF1, to TESCO to maintain its own transcription 
in an autoregulatory loop (Sekido and Lovell-Badge, 2008) (Fig. 1.3). 
 
In the absence of SRY, ovarian determinants are expressed and the bipotential gonad will develop 
into an ovary. At least two independent signalling pathways have been described that act in a 
complementary manner to both promote the ovarian fate and repress testis development in XX 
gonads: the R-spondin 1 (RSPO1)/ wingless-type MMTV integration site family, member 4 
(WNT4)/β-catenin pathway, and the transcription factor Forkhead box L2 (FOXL2). Genetic 
inactivation of Rpso1 or Wnt4 in XX mice results in masculinised gonads with XY-like vasculature 
and steroidogenesis, (Chassot et al., 2008; Heikkila et al., 2005; Vainio et al., 1999). Furthermore, 
activation of β-catenin in the somatic cells of the XY gonad disrupts the male program and results 
in male-to-female sex-reversal (Maatouk et al., 2008) (Fig. 1.3).  
 
In addition, FOXL2 expression in granulosa cells is required to repress the testis determination gene 
pathway in the postnatal ovary. Loss of Foxl2 during embryonic development and in the adult 
ovary, results in the partial transdifferentiation of the somatic cells of the ovary to a testis identity 
(Ottolenghi et al., 2005; Uhlenhaut et al., 2009). Genetic ablation of both Wnt4 and Foxl2 in XX 
gonad somatic cells results in female-to-male sex reversal extending to both somatic and germ cells, 
suggesting that these two pathways have complementary roles in driving ovarian determination and 
anti-testis activity in the XX gonad (Ottolenghi et al., 2007) (Fig. 1.3).   
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Figure 1.3 Gonad sex determination and maintenance.  
When the gonad first forms at 10.5 dpc (orange) it has the potential to form either a testis of an ovary. This decision is 
governed by the inheritance of the Y-chromosome. In XY embryos, the gene Sry is expressed from the Y-chromosome 
and critically transactivates the expression of Sox9, which drives the testicular differentiation (blue). In the absence of 
the Y-chromosome, FOXL2 and RSPO1/WNT4 enforce ovarian differentiation (pink). The continued expression of 
SOX9 and DMRT1 in the testis and FOXL2 in the ovary, are required to maintain the fate of the gonad. 
 
 
1.2.3 Testis differentiation requires Sertoli cell differentiation, the subsequent induction of 
steroidogenic cells and testis cords, and progression of primordial germ cells to mitotic 
arrest. 
1.2.3.1 Sertoli cells 
Sertoli cells are the first somatic cell type to differentiate in the testis. Sry expression in the 
supporting precursor cells induce their differentiation into Sertoli cells (Bullejos and Koopman, 
2001; Wilhelm et al., 2005) as well as proliferation within the coelomic epithelium to generate 
additional Sertoli cell precursors (Schmahl et al., 2000). Morphologically, the differentiation 
process is marked by the polarisation of Sertoli cells and their assembly around clusters of germ 
cells. Sertoli cells have two key roles: (1) to direct the differentiation of other cell types within the 
developing testis; and (2) to nurture the germ cells (Fig. 1.4).   
 
The maintenance of Sertoli cell fate and testis cord integrity is reliant on the initial and persistent 
expression of SOX9 in Sertoli cells (Fig. 1.3). After transcriptional activation by SRY, two 
9 
feedback loops are known to play a role in Sox9 maintenance. The first one involves SOX9 up-
regulating fibroblast growth factor 9 (Fgf9), which in turn represses a negative regulator of SOX9, 
WNT4 (Bagheri-Fam et al., 2008; Jameson et al., 2012; Kim et al., 2007; Schmahl et al., 2004). In 
the second, SOX9 activates the expression of the gene encoding prostaglandin D synthase (Wilhelm 
et al., 2007a), which catalyses the final step in the synthesis of prostaglandin D2 (PGD2). PGD2, in 
turn, induces the up-regulation of Sox9 expression (Wilhelm et al., 2005) and translocation of SOX9 
protein from the cytoplasm to the nucleus via PKA phosphorylation (Malki et al., 2005), thereby 
initiating the regulation of SOX9 target genes, such as the gene encoding anti-Müllerian hormone 
(AMH) (Arango et al., 1999). AMH is a member of the transforming growth factor-β (TGFβ) 
superfamily and is responsible for the regression of the Müllerian duct, which in XX individuals 
gives rise to the fallopian tubes, uterus and upper third of the vagina (Behringer et al., 1994; 
Belville et al., 1999).  
 
In addition, the Sertoli cell fate is maintained by the expression of Doublesex and mab-3 related 
transcription factor (DMRT1) (Fig. 1.3). Loss of DMRT1 triggers the postnatal transdifferentiation 
of Sertoli cells to the female supporting cell lineage, Granulosa cells. Mechanistically, Dmrt1 in the 
testis is required to repress the expression of female sex maintenance networks such as FOXL2, 
active WNT signalling and Oestrogen receptors 1/2 (Matson et al., 2011; Minkina et al., 2014). 
Furthermore, in the context of loss of Dmrt1, enhanced retinoic acid signalling accelerated 
transdifferentiation, whereas attenuated retinoic acid signalling supressed transdifferentiation, 
suggesting that DMRT1 functions to prevent retinoic acid signalling reprogramming Sertoli cells 
(Minkina et al., 2014). 
 
1.2.3.2 Vasculature 
By utilising genetic markers and specific disruption of endothelial migration, it has been 
demonstrated that migrating endothelial cells from the adjacent mesonephros form the testis-
specific vasculature (Combes et al., 2009c; Cool et al., 2008). In addition, these migrating 
endothelial cells partition accumulations of germ and Sertoli cells into testis cords (Combes et al., 
2009a; Coveney et al., 2008). Factors that have been identified to control endothelial cell migration 
in XY gonads include vascular endothelial growth factor signalling, FGF9, transforming growth 
factor β signalling and platelet derived growth factor signalling (Behringer et al., 1994; Bott et al., 
2006; Brennan et al., 2003; Jeays-Ward et al., 2003; Ross et al., 2003) (Fig. 1.4). 
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1.2.3.3 Leydig cells 
The steroidogenic cell precursors within the testis differentiate into Leydig cells (Fig. 1.4). There 
are two populations of Leydig cells, foetal Leydig cells, which are present in the interstitium of 
embryonic testes from 12.5 dpc until shortly after birth, and adult Leydig cells, which arise at 
puberty (Lording and De Kretser, 1972; Roosen-Runge and Anderson, 1959; Roosen-Runge and 
Holstein, 1978). Foetal Leydig cells produce androgens to masculinize the embryo, including WD 
differentiation, masculinization of the external genitalia and sexual dimorphism of the brain. 
Moreover, Leydig cells direct the regulation of the two phases of testicular decent, transabdominal 
and inguinoscrotal by secretion of insulin-like factor 3 (INSL3) and androgens, respectively 
(Hutson and Donahoe, 1986; Nef et al., 2003) 
 
Specification of the Leydig cells has been shown to be regulated by Hedgehog signalling. The 
morphogen Desert hedgehog (DHH) is expressed in Sertoli cells of the XY gonad (Bitgood et al., 
1996), and its receptor Patched 1 (PTCH1) has been detected in the majority of the interstitial cells 
of 12.5 dpc XY gonads including Leydig cells (Yao et al., 2002). Null mutations of Dhh in mice 
lead to a greatly diminished Leydig cell number and ectopic expression of DHH in XX gonads 
induces Leydig cell formation, suggesting that hedgehog signalling is both necessary and sufficient 
for specification of Leydig cells (Barsoum et al., 2009; Yao and Capel, 2002). In addition, the 
Notch signalling pathway has been shown to be a key regulator of the maintenance and 
differentiation of the foetal Leydig progenitor cell population (Tang et al., 2008). 
 
1.2.3.4 Peritubular myoid cells 
Peritubular myoid (PM) cells are long, flattened cells that surround Sertoli cells within the testis 
cords (Fig. 1.4). Postnatally, PM cells have a smooth muscle cell phenotype and are responsible for 
the contraction of the seminiferous tubules for transportation of spermatozoa (Tripiciano et al., 
1998). In foetal development, PM cells contribute to the formation and architecture of the testis 
cords by interacting with Sertoli cells for the correct formation and organisation of the basement 
membrane (Skinner et al., 1985). The resulting membrane then serves to physically partition the XY 
gonad into cord and interstitial domains (Skinner et al., 1985; Tung et al., 1984). The 
developmental origin of the PM precursor cells in the XY gonad remains elusive.  
 
1.2.3.5 Germ cells 
The main function of the testis is to provide the necessary environment for the primordial germ 
cells (PGCs), the embryonic progenitors of the gametes, to differentiate into functional sperm. 
Within the gonads, PGCs express pluripotency markers such as OCT4 (POU5f1, POU domain, 
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class 5, transcription factor 1). The hallmark of PGC differentiation in the XY gonad is their 
progression into mitotic arrest between 12.5 and 14.5 dpc and continued expression of OCT4 
(Hilscher et al., 1974; Western et al., 2008). Only after birth do PGCs in a testis re-enter a mitotic 
cycle. 
 
PGCs in the testis are prevented from entering meiosis by the enzyme Cytochrome P450, family 26, 
subfamily B (CYP26B1), which is expressed in Sertoli cells (Bowles et al., 2006). In addition, 
FGF9 produced in the somatic cells of the XY gonad acts directly on germ cells to inhibit meiosis 
and upregulate the expression of genes associated with male germ cell fate (Bowles et al., 2010). 
Ectopic expression of the Sertoli cell-expressed transmembrane protein 184a (TMEM184a) in XX 
genital ridges results in XX germ cell sex reversal, suggesting that signalling through this putative 
receptor has a role in inhibition of meiosis (Svingen et al., 2007; Svingen et al., 2009b). However, it 
is unclear whether these factors simply prevent PGC entry into meiosis or actively drive their arrest 
in mitosis. 
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Figure 1.4 Schematic representation of testis development.  
Schematic representation of testis development in mouse. (A) At 11.5 dpc, SRY is expressed in pre-Sertoli cells (green) 
that are distributed evenly in between primordial germ cells (red) throughout the genital ridge. A vasculature network 
within the mesonephros disintegrates and endothelial cells (pink) start to migrate into the gonad. (B) By 12.0 dpc Sertoli 
cells become polarised and form epithelial aggregates around clusters of germ cells. Endothelial cells partition these 
clusters into the future testis cords. (C) At 13.5 dpc testis cords are defined with clusters of germ cells surrounded by 
one layer of Sertoli cells and one layer of peritubular myoid cells (yellow). In the interstitium, Leydig cells (blue) have 
differentiated to produce testosterone. T, testis; M, mesonephros, CV, coelomic vessel. Figure is from (Wainwright and 
Wilhelm, 2010) 
 
 
1.2.4  Ovarian differentiation requires the entry of primordial germ cells into meiosis and the 
establishment of supporting cell lineages. 
1.2.4.1 Germ cells 
In the foetal ovary, germ cells commit to oogenesis by entering prophase I of meiosis in an anterior 
to posterior wave at approximately 13.5 dpc (Bullejos and Koopman, 2004; Menke et al., 2003).  
Subsequently, germ cells progress through to the meiotic dictyate stage where they arrest at birth 
(reviwed by McLaren, 1988; Speed, 1982). Retinoic acid (RA) secreted from the adjacent 
mesonephros triggers meiosis in the XX gonad (Bowles et al., 2006; Koubova et al., 2006). 
Retinoic acid induces the expression of Stimulated by retinoic acid gene 8 (Stra8), which is critical 
in initiating the meiotic program (Baltus et al., 2006; Oulad-Abdelghani et al., 1996). 
 
Germ cells are essential for the organisation and maintenance of ovarian structure, and accordingly, 
ovarian follicles fail to form in their absence (McLaren, 1984). Signals from the somatic cells are 
required for germ cells in an XX ovary to survive. Genetic inactivation of Wnt4 results in female 
germ cell death from 16.5 dpc (Liu et al., 2010; Vainio et al., 1999). WNT4 maintains female germ 
cell survival by inhibiting the expression of Activin beta (B)-subunit (Inhbb) via β-catenin (Liu et 
al., 2010).  
 
1.2.4.2 Somatic cells 
Unlike male development, somatic cell lineages in the ovary are not able to be distinguished until 
postnatal development. In the XX gonad, it is thought that the same precursor cells that give rise to 
Sertoli cells differentiate into granulosa or follicle cells. Lineage tracing has suggested that FOXL2-
expressing granulosa cells differentiate from the coelomic epithelium in two distinct waves: (1) 
during foetal development, to form the medullary granulosa cells; and (2) just after birth, to form 
the granulosa cells in the ovarian cortex (Mork et al., 2012). The analogous cell type in the female 
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gonad to the XY Leydig cells, are the hormone secreting thecal cells. Thecal cells, together with 
granulosa cells, surround the oocyte and form the follicle structure that produces steroid hormones 
(Hillier et al., 1994). Thecal cells secrete hormones that synchronise ovarian duct formation and 
provide paracrine signals to granulosa cells for ovarian follicle maturation (Young and McNeilly, 
2010). 
 
Although ovarian follicle differentiation is delayed until after birth, expression of many ovarian-
specific genes have been detected as early as 11.5 dpc in the in the somatic cells of the XX gonad 
(Chen et al., 2012; Menke and Page, 2002; Yao et al., 2004). Indeed, these genes show specific 
domains of expression suggesting that ovarian patterning is specified and active during embryonic 
development (Chen et al., 2012).  
 
1.3 Disorders of Sex Development 
 
Disorders of Sex Development (DSD) in human, formerly known as “intersex disorders”, are 
defined as congenital conditions in which the development of the chromosomal, gonadal, or 
anatomical sex is atypical (Lee et al., 2006; reviewed by Ono and Harley, 2013). These disorders 
may affect up to 1:1000 newborns and encompass a range of phenotypes including ambiguous 
genitalia, complete sex reversal (phenotypic sex different to chromosomal sex), ovotestis, gonad 
dysgenesis, androgen insensitivity and can lead to infertility (reviewed by Ostrer, 2014). In 
addition, DSD individuals that have a karyotype containing part of the Y-chromosome are at an 
elevated risk of development of germ cell tumours (Cools et al., 2011). This highly heterogeneous 
set of disorders can be extraordinary stressful for patients and families struggling with the 
uncertainty in the patients gender assignment and psychosexual development (Yang et al., 2010). It 
is estimated that only 20% of patients can be assigned a genetic diagnosis, suggesting that many of 
the causes of DSD are still unknown (Hughes et al., 2006). Herein is summarised the suite of genes 
that have been identified to cause gonadal DSDs phenotypes in both human and mouse (Table 1.1) 
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1.4 Reproductive tract development 
 
1.4.1 The mesonephric tubules model early metanephric nephrons 
The mesonephros is the precursor to the reproductive tract, and contributes signals and cell lineages 
to the adjacent gonad. The mesonephros forms between 9- 9.5 dpc in mouse, just caudal to the 
degenerated pronephros (Bouchard et al., 2002) (Fig 1.2). Mesenchymal condensations of the 
nephrogenic cord in the anterior portion of the mesonephros undergo a mesenchymal-to-epithelial 
cell transition to form mesonephric tubules (Carroll et al., 2005; Sainio et al., 1997a). Mesonephric 
tubules that are bound to the WD are defined as cranial mesonephric tubules and unconnected 
mesonephric tubules are defined as caudal mesonephric tubules (Mugford et al., 2008a). The 
connecting segments for the cranial mesonephric tubules are derived from the WD (Mugford et al., 
2008a). While both cranial and caudal tubules are derived from nephrogenic cord cells (Fig. 1.2), 
they are molecularly distinct with Wilms tumor 1 (WT1) only expressed in the caudal tubules and is 
required specifically for caudal tubule formation (Sainio et al., 1997a). 
 
Several factors have been identified that regulate mesonephric tubule formation. The presence of 
the WD is necessary for mesonephric tubule formation (Carroll et al., 2005; Grobstein, 1953). 
Wingless-type MMTV integration site family, member 9B (Wnt9b) is expressed in the WD and is 
essential for the development of mesonephric tubules by regulating mesenchymal-to-epithelial 
transition (Carroll et al., 2005). Downstream of Wnt9b, Fibroblast growth factor 8 (Fgf8) and Wnt4 
are required for tubulogenesis (Crossley et al., 1996; Kitagaki et al., 2011; Stark et al., 1994; Vainio 
et al., 1999). On the other hand, Foxc1 is required to restrict the formation of mesonephric tubules 
to the anterior portion of the mesonephros, likely through limiting the amount of intermediate 
mesoderm specified (Kume et al., 2000). 
 
Mesonephric tubules share a common morphogenic mechanism to the formation of early 
metanephric nephrons and a number of mouse models with defects in metanephric nephron 
development also display mesonephric tubule defects such as loss of Wnt9b, Wnt4, Osr1, Lhx1 and 
Pax2 (Bouchard et al., 2002; Carroll et al., 2005; James et al., 2006; Kobayashi et al., 2005; Stark et 
al., 1994; Vainio et al., 1999). Many genes expressed in metanephric renal vesicles are also 
expressed in early mesonephric tubules at 10.5 dpc, however, this expression was lost by 12.5 dpc-
13.5 dpc suggesting that the mesonephric tubules undergo maturation on a molecular level (Georgas 
et al., 2011). In addition, early proximal tubule metanephric genes are expressed in more mature 
mesonephric tubules at 12.5 dpc-13.5 dpc (Georgas et al., 2011). Despite these similarities, in 
mouse, these two tubule types form structurally quite different nephrons with only the metanephric 
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tubules acting as functional excretory units postnatally. A number of genes have been detected as 
specifically expressed in metanephric tubules such as Homeobox A10, Hoxa10 and Cadherin 11, 
Cdh11 (Challen et al., 2004; Georgas et al., 2011; Mugford et al., 2008a; Wellik et al., 2002). In 
addition, Hox11 paralogue expression defines the anterior boundary of the metanephros. Strikingly, 
when Hoxd11 was ectopically expressed in the nephrogenic cord, the mesonephric tubules 
displayed an altered morphology reminiscent of metanephric tubules and activated genes usually 
specific to mature distal tubules of the metanephric nephron (Mugford et al., 2008a). Thus, while 
many parallel networks of genes are required for both mesonephric and metanephric tubules, 
divergent pathways such as differential Hox gene expression functionally define the tubules.  
 
From 14.5 dpc, the cranial mesonephric tubules in XX embryos and caudal mesonephric tubules in 
both sexes degenerate. Regression of mesonephric tubules is associated with an infiltration of 
specialist hematopoietic macrophages (Camp and Martin, 1996a; Camp and Martin, 1996b). 
Caspase-3 staining has suggested that the underlying cause of regression is not apoptosis (Munoz-
Espin et al., 2013). It was recently shown that programmed cellular senescence occurred during 
mesonephric tubule development. Cellular senescence associated β-galactosidase activity was 
upregulated in mesonephric tubules at 12.5 dpc- 14.5 dpc, and was associated with the attenuation 
of proliferation in the mesonephric tubules (Munoz-Espin et al., 2013). This cellular senescence 
was shown to be downstream of TGFβ/SMAD pathway and the senescence effector protein Cyclin-
dependent kinase inhibitor 1A (p21), with loss of p21 resulting in a one-day delay in regression of 
mesonephric tubules. Despite a developmental delay, mesonephric tubules were still removed at 
15.5 dpc by apoptosis, suggesting that supplementary pathways compensate or act in addition to 
cellular senescence (Munoz-Espin et al., 2013). 
 
1.4.2 The male and female reproductive tracts are established independently of chromosomal sex 
and differentiate based on sex determination of the gonads. 
During the undifferentiated period of sex determination, the precursors for both male and female 
ductal systems are present in the mesonephros, the WD and the Müllerian duct, respectively. After 
sex determination and differentiation of the gonad primordium, these ducts will differentiate or 
regress to form sex-specific reproductive tracts (Fig. 1.5). 
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Figure 1.5 Differentiation of the male and female reproductive tract.  
(A) At 13.5 dpc, the male and female ductal systems are present in the mesonephros. (B) Under the influence of AMH 
in XY embryos, the Müllerian duct regresses. Subsequently androgens induced the Wolffian duct to differentiate into 
the epididymis, vas deferens and seminal vesicles. The caudal mesoneprhic tubules will differentiate into the efferent 
ducts (C) In the absence of AMH and androgens, the Wolffian duct will degenerate and the Müllerian duct will 
differentiate into the oviduct, uterus and upper vagina.  
 
1.4.2.1 Male reproductive tract 
The precursor for the male duct system is the WD (Dyche, 1979). In XY genital ridges, cranial 
mesonephric tubules go on to form the efferent ducts (reviewed by Joseph et al., 2009). 
Interestingly, some genes have been detected as being specifically expressed in XY mesonephric 
tubules at 13.5 dpc, suggesting that the specification of the efferent ducts may have already begun 
at a time when the XX and XY mesonephric tubules are still structurally similar (Georgas et al., 
2011). In XY genital ridges, the Müllerian ducts degenerate and subsequently, the WDs 
differentiate into epididymides, vasa deferentia, and seminal vesicles in response to androgens 
produced by Leydig cells (Fig. 1.5). 
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The WD forms from the anterior intermediate mesoderm (see section 1.12). In chick, the caudal 
extension of the WD was investigated by electroporating fluorescent reporters into the migrating 
WD and performing live-imaging. These observations suggested that the majority of WD cells 
migrated caudally in a straight line in register with somite segmentation. The tip cells at the leading 
edge of the duct underwent dynamic changes in shape by extending their filopodia and the cells just 
cranial to the tip cells exhibited “tails” undergoing repeated retraction and elongation behaviour 
(Atsuta et al., 2013). Cellular extensions in WD tip cells have also been described in mouse (Chia et 
al., 2011). Further studies are required to elucidate if any local or long-range chemotactic signals 
regulate the migration of WD cells. 
 
The Müllerian duct degenerates under the influence of AMH secreted by Sertoli cells (Baarends et 
al., 1994; Behringer et al., 1994; Belville et al., 1999; di Clemente et al., 1994). AMH receptor 2 
(Amhr2) is expressed in the Müllerian duct mesenchyme and in the adjacent portion of the coelomic 
epithelium (Baarends et al., 1994; di Clemente et al., 1994). Loss-of-function of Amhr2 in XY 
embryos resulted in Müllerian duct retention and female reproductive tract differentiation (Belville 
et al., 1999; Mishina et al., 1996). In addition, loss of wingless-type MMTV integration site family, 
member 7A (Wnt7a) also resulted in Müllerian duct retention and loss of Amhr2 expression (Parr 
and McMahon, 1998). Furthermore, genetic ablation of Amhr2 resulted in a loss of male-specific 
expression of Wnt4 in the Müllerian duct mesenchyme. Inactivation of β-catenin in the Müllerian 
mesenchyme also resulted in retention of the Müllerian duct in XY reproductive tracts (Kobayashi 
et al., 2011). Taken together these data suggest a complex interplay between AMH and WNT 
signalling to regulate the regression of the reproductive tract in XY embryos. 
 
1.4.2.2 Female reproductive tract 
The development of the precursor for the female ductal system, the Müllerian duct, has been 
postulated to form in three phases (Orvis and Behringer, 2007). First, cells of the surface epithelium 
of the anterior urogenital ridge are specified. These cells can be identified by expression of Lim1 
and investigation of Lim1 null-wild-type mouse chimeras suggested that Lim1 is required cell 
autonomously for Müllerian duct epithelial formation (Kobayashi et al., 2004). Second, these 
coelomic epithelial cells delaminate caudally towards the WD in the mesonephros, forming a tube 
at around 11.5 dpc (Hashimoto, 2003). Third, the Müllerian duct extends caudally through the 
mesonephros to the urogenital sinus. During extension, the developing Müllerian duct is 
mesoepithelial in character (Orvis and Behringer, 2007). In XX genital ridges, the WDs regress in 
the absence of androgens and the Müllerian ducts differentiate into the oviduct, uterus and upper 
vagina (reviewed by Wilhelm et al., 2007b) (Fig. 1.5). 
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While the initial specification of the Müllerian duct is independent of the WD, the extension of the 
Müllerian duct requires the presence of the WD. Physical disruption of the WD in chick or 
genetically in mouse, resulted in a failure of the Müllerian duct to extend past the point of 
discontinuity in the WD, demonstrating that the WD guides the extension of the Müllerian duct 
(Kobayashi et al., 2005). Two independent studies used genetic lineage tracing approaches to mark 
the WD, (1) with the Hoxb7 promoter driving a LacZ reporter and (2) with the Sox9 promoter 
driving a LacZ reporter, found that none of the WD cells contribute to the Müllerian duct (Guioli et 
al., 2007; Orvis and Behringer, 2007).  
 
As it stands, there are conflicting reports on the role of proliferation in driving Müllerian duct 
extension. Orvis and Behringer, investigated proliferation in the extending Müllerian duct using 
Phospho-Histone-3 antibody staining and detected that cell proliferation at the tip of the Müllerian 
duct was increased (Orvis and Behringer, 2007). On the other hand, Guioli et al measured cell 
proliferation by Bromodeoxyuridine (BrdU) incorporation in both mouse and chick, and detected 
that cells along the length of the Müllerian duct were proliferating at the same rate, with no 
evidence of regionalisation (Guioli et al., 2007).  
 
WNT signalling pathway has been shown to have a number of functions in the development and 
differentiation of the Müllerian duct. Wnt9b is expressed in the WD and is essential for the caudal 
extension of the Müllerian duct. Wnt9b-null mice do not show any evidence of WD defects, 
suggesting that the WD is not just a physical guide for the Müllerian duct but also actively signals 
to regulate extension (Carroll et al., 2005). In addition, Wnt4 is expressed in the XX gonad and 
mesonephric mesenchyme, and is required for the formation of the Müllerian duct in both mouse 
and human (Biason-Lauber et al., 2004; Vainio et al., 1999). Furthermore, Wnt7a is intrinsically 
required for the differentiation of the Müllerian duct into the female reproductive system. Wnt7a-
null mice lack oviduct coiling, have reduced uterine stroma and fail to develop uterine glands (Parr 
and McMahon, 1998). Cementing the importance of correct WNT signalling, constitutive activation 
of the WNT signalling effector β-catenin in the Müllerian duct mesenchyme inhibited oviduct 
formation, resulted in smaller uteri and endometrial gland defects (Stewart et al., 2013) 
. 
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1.5 Kidney Development 
 
The kidney is an essential organ in mammals as it filters waste products out of the blood, and 
regulates acid/base balance, red blood cell production and blood pressure. During embryogenesis, 
the development of the definitive or metanephric kidney begins as a seemly simple conversation 
between the epithelial WD and the metanephric mesenchyme (MM), a posterior portion of the 
nephrogenic cord. Kidney development initiates with the outgrowth of a single epithelial bud, the 
ureteric bud (UB), from the WD, which grows to the MM. The stalk of the ureteric bud will develop 
into the ureter, the critical connection between the kidney and the bladder. Further signalling 
interactions between the UB and the MM drive the UB to branch and the cap mesenchyme to 
undergo mesenchyme-to-epithelial transition forming nephrons, the functional excretory units of the 
kidney. Here is outlined the genetic complexity of the formation of the kidney. 
 
1.5.1 The induction of the ureteric bud requires tight regulation of the GDNF/RET pathway 
1.5.1.1 The function of Gdnf 
Outgrowth of a single UB from the WD is a highly controlled process, with a number of genetic 
pathways ensuring correct development. Several signals between the MM and WD are critical to 
induce UB outgrowth, with the majority converging on the regulation of Glial cell derived 
neurotrophic factor (Gdnf). Prior to UB development, Gdnf is expressed broadly throughout the 
nephrogenic cord, with its receptor Ret proto-oncogene (RET) and co-receptor Glycosyl-
phosphatidyl inositol (GPI) - linked protein GFRα1 (GFRα-1) expressed along the length of the 
WD (Grieshammer et al., 2004; Hellmich et al., 1996; Pachnis et al., 1993; Suvanto et al., 1996). As 
outgrowth of the UB commences at 10.5 dpc in mouse, expression of Gdnf becomes restricted to 
the posterior MM, where the UB forms (Fig. 1.7). By 11.0 dpc, Gdnf expression is anteriorly 
restricted at the level of the mid-hindlimb bud (Grieshammer et al., 2004). Concurrently, expression 
of Ret and Gfrα-1 becomes limited to the newly formed UB and as branching commences, are only 
expressed in the tips of the ureteric tree (Pachnis et al., 1993; Sainio et al., 1997b).  
 
Disruption of the Gdnf gene in mouse results in renal agenesis from a lack of induction of the UB or 
severe renal dysgenesis from a defect in branching (Moore et al., 1996; Pichel et al., 1996a; 
Sanchez et al., 1996). Cementing the importance of GDNF signalling through Ret/Gfrα-1, the UB 
also fails to form in the majority of mice with loss-of-function mutations Ret (Durbec et al., 1996; 
Schuchardt et al., 1994) or Gfrα-1 (Cacalano et al., 1998; Enomoto et al., 1998).  
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Studies investigating chimeric mouse embryos in which Ret activity is modulated have shed light 
on the cellular events elicited by GDNF-RET signalling. In chimeric Ret null-wild-type embryos, 
Ret-null cells failed to contribute to UB tip domains, suggesting a cell autonomous requirement for 
RET activity in the tip and not the trunk (Shakya et al., 2005). Intriguingly, WD cells in wild-type 
embryos are themselves heterogeneous for RET activity and competitively sort based on highest 
levels of RET activity (Chi et al., 2009). Whilst these studies have demonstrated a requirement for 
GDNF-RET activity in regulating cell movement, it is unclear whether this is through modulation 
of cell adhesion, proliferation or migration, or in combination. Exogenous GDNF acts as a 
chemoattractant to stimulate the migration of enteric neurons and kidney epithelial cells in vitro 
(Tang et al., 1998; Young et al., 2001). This mode of action would be supported by the requirement 
for cells with high RET activity in the tip domain of the UB moving toward the MM. However, the 
broad expression pattern of Gdnf in the nephrogenic cord prior to UB induction would argue against 
Gdnf acting as a positional chemoattractant signal. GDNF can also stimulate the proliferation of 
ureteric epithelial cells, suggesting another factor contributing to UB outgrowth (Pepicelli et al., 
1997). The generation of transgenic mice with GDNF-RET activity reporters is required to tease 
apart the mechanism by which cells specifically respond to RET signalling. 
 
1.5.1.2 Regulation of Gdnf expression 
The dynamic expression pattern of Gdnf is highly regulated and critical for inducing a correctly 
positioned single UB. Null mutation studies in mouse have identified a number of genes in the 
transcriptional cascade that are required for MM specification and Gdnf expression, including 
COUP transcription factor 2 (Coup-tfII), Osr1, Pax2, Eyes absent homologue 1 (Eya1), Sal-like 1 
(Sall1), SIX homeobox 1 (Six1), Six2 and Hox11 paralogous group Hoxa11, Hoxc11 and Hoxd11. 
Notably, all of these factors are expressed in un-induced MM/nephrogenic cord. At the top of the 
cascade are COUPTFII and OSR1, which both directly transactivate the promoter of Eya1 (Xu et 
al., 1999; Yu et al., 2012). EYA1 is a nuclear transcriptional co-activator, but has no DNA binding 
activity (Ohto et al., 1999). In addition, Pax2-null mice have a loss of Six2 and Gdnf expression 
(Torres et al., 1995). Null mouse studies elucidated that Pax2 and Eya1 expression were 
independent of one another (Ohto et al., 1999; Xu et al., 2003). Similarly, loss of all three posterior 
Hox11 paralogues resulted in a loss of Six2 and Gdnf expression, while the expression of Pax2 and 
Eya1 were unchanged (Wellik et al., 2002). Biochemical assays identified that EYA1 forms a 
protein complex with HOX11 paralogues and PAX2 to directly activate the Six2 promoter in the 
MM. Subsequently, SIX2 and a complex of HOX11 paralogues, EYA1 and PAX2 directly 
transactivate Gdnf (Brodbeck et al., 2004; Gong et al., 2007) (Fig. 1.6). 
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Furthermore, Six1 expression in the MM is required for expression of Pax2, Six2 and Sall1 but not 
Eya1. Six1 expression was unchanged in Pax2-null mice cementing Six1 as a node in the apex of 
the MM regulatory cascade (Xu et al., 2003). SIX1 has been shown to directly transactivate the 
promoter of the Sall1 gene (Chai et al., 2006). Sall1 is a zinc finger transcription factor and 
homozygous deletion of Sall1 in mouse resulted in incomplete ureteric bud outgrowth. 
Furthermore, Sall1-null mice display a reduction in the expression domain size of Pax2 and Eya1, 
and down-regulation of Gdnf, suggesting that Sall1 is required for the size and competency of the 
MM (Nishinakamura et al., 2001) (Fig. 1.6).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6 The key metanephric mesenchyme (MM) transcriptional network.  
The core transcriptional network in the MM has two primary roles; (1) regulating the induction of the ureteric bud (UB) 
by regulating the transcription of Gdnf; and (2) regulating the survival of the MM through WT1. See text for details. 
Arrows imply a direct relationship. 
 
The restriction of Gdnf expression to the posterior MM is essential for determining the position of 
the UB. Ex vivo experiments have shown that Gdnf soaked beads can induce ectopic UBs along the 
WD, demonstrating that the length of the WD is competent to form UBs (Brophy et al., 2001; 
Maeshima et al., 2006). Moreover, expression of Gdnf along the length of the WD via mouse 
transgenesis resulted in the formation of multiple ectopic UBs, which branched independently of 
the presence of MM (Shakya et al., 2005). Surprisingly, transgenic mice where Gdnf was expressed 
along the WD formed relatively normal kidneys on a Gdnf-null mouse background, suggesting that 
a certain threshold of GDNF is required to produce a budding response (Shakya et al., 2005). 
Furthermore, mutations in genes that result in an expanded domain of Gdnf, such as Foxc1 or 
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Roundabout, axon guidance receptor, homologue 2 (Robo2)/ Slit homologue 2 (Slit2), develop 
ectopic UBs that can be rescued by genetic inactivation of one allele of Gdnf (Grieshammer et al., 
2004; Kume et al., 2000) (Fig. 1.7).  Supporting the competency of the WD to form multiple UBs, 
mutations in the Gdnf receptor Ret that alter the docking site for the protein PKCγ, result in 
supernumerary UBs and multiplex kidneys (Jain et al., 2006).  
 
1.5.1.3 Modulating the Wolffian duct response to Gdnf 
In addition to elaborate regulation of the Gdnf expression domain, the exposure of the WD to 
GDNF is modulated to prevent inappropriate kidney induction. A model in the literature has 
emerged where a physical and molecular barrier acts between the WD and MM to prevents aberrant 
exposure of the WD to Gdnf. The “ureteric mesenchyme” is a strip of mesenchyme that is 
sandwiched between the WD and MM. Studies in chick have suggested that the ureteric 
mesenchyme is derived from tail bud mesenchyme, not the IM (Brenner-Anantharam et al., 2007). 
Bmp4 is expressed in the ureteric mesenchyme along the length of the metanephros, with BMP 
activity reduced locally around the site of UB induction. The BMP antagonist Gremlin 1 (Grem1) is 
expressed in a more restricted posterior portion of the ureteric mesenchyme around the site of low 
BMP activity (Michos et al., 2007). Grem1-null mice fail to undergo UB outgrowth and loss of one 
allele of Bmp4 in a Grem1-null background rescues the kinetics of UB growth (Michos et al., 2007; 
Michos et al., 2004). On the other hand, culturing early urogenital ridges in the presence of soluble 
GREM1 protein resulted in the formation of supernummerary UBs, suggesting that GREM1 acts as 
a permissive signal for UB outgrowth (Michos et al., 2007) (Fig. 1.7).   
 
The response of the WD to GDNF is also tightly controlled. Loss of the receptor tyrosine kinase 
antagonist Sprouty homologue 1, Spry1, resulted in the formation of supernumerary UBs and as a 
consequence, multiplex kidneys. Spry1 is expressed in the WD downstream of GDNF/RET 
signalling. While the expression domain of Gdnf was unchanged in Spry1-null mice, the WD 
became highly sensitised to endogenous GDNF protein (Basson et al., 2005). Moreover, loss of one 
allele of Spry1 can rescue mice with RET mutations that prohibit RET mediated ERK activation 
(Rozen et al., 2009). Thus, SPRY1 acts as a negative feedback inhibitor to regulate the sensitivity of 
the WD to GDNF/RET signalling (Basson et al., 2005) (Fig 1.7). 
 
Surprisingly, in the absence of Gdnf and Spry1 or Ret and Spry1, kidney development ensues 
correctly with only minor changes in branch angles compared to wild-type. This kidney induction 
was shown to be dependent on Fibroblast growth factor 10 (Fgf10), suggesting that a balance of 
receptor tyrosine kinase activity is critical to regulate UB induction rather than GDNF/RET activity 
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specifically (Michos et al., 2010). Expression of the transcription factors Ets variant gene 4 (Etv4) 
and Ets variant gene 5 (Etv5) are downstream of GDNF-RET signalling in the WD and double 
homozygous Etv4 and Etv5-null mice fail to develop kidneys. These two transcription factors are 
thought to be the main effectors of transcription in response to GDNF-RET signalling (Lu et al., 
2009) (Fig. 1.7). While Etv4 and Etv5 expression were unchanged in Fgf10 and Fgfr2-null mice, 
loss of Spry1 does not rescue Etv4 and Etv5-null mice. Thus, ectopic activation of receptor tyrosine 
kinase activity could not bypass Etv4 and Etv5 function, cementing Etv4 and Etv5 as a pivotal node 
in UB outgrowth (Lu et al., 2009; Michos et al., 2010). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.7 The key signalling pathways required to restrict UB induction.  
At 10.5 dpc, Gdnf expression is restricted to the posterior MM and signals to RET/GFRα-1. Downstream of activated 
RET signaling ETV4/5 transcription factors drive UB outgrowth. ROBO2 and FOXC1 are required to restrict the 
expression of Gdnf, and SPRY1 restricts the response of the WD to GDNF. In addition, GREM1 antagonism of BMP4 
in the ureteric mesenchyme (UM) creates a permissive domain for UB outgrowth. By 11.5 dpc, the MM is condensed 
around the tip of the UB and the MM is clearly separated from the WD by the UM. 
 
1.5.1.4 Metanephric mesenchyme survival 
Positive regulatory factors are required to maintain the survival of MM so that a UB can be 
induced. Wt1 is expressed broadly in the urogenital ridge in the MM, caudal mesonephric tubules 
and gonadal somatic cells (Armstrong et al., 1993). COUP-TFII has been shown to directly 
transactivate the WT1 promoter in the MM (Yu et al., 2012). In Wt1-null mice, the MM undergoes 
apoptosis at 11.0 dpc and the UB fails to develop (Kreidberg et al., 1993). Prior to apoptosis, the 
MM of Wt1-null mice expressed Pax2, Six2 and Gdnf, suggesting that the early differentiation of 
the MM does not require Wt1 (Donovan et al., 1999). The mechanism by which WT1 inhibits 
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apoptosis in the MM is unclear, but in the context of tumours, WT1 directly up-regulates the anti-
apoptotic gene B cell leukemia/lymphoma 2 (Bcl-2) (Mayo et al., 1999). 
 
1.5.2 A signalling loop between the cap mesenchyme and ureteric tips drives kidney branching 
morphogenesis. 
After induction of the UB, this epithelial structure will undergo a series of sequential branching to 
forms the kidney collecting duct system (Short et al., 2013). As the ureteric bud starts to branch, the 
MM condenses around the ureteric tips to form the cap mesenchyme or “nephron progenitors” (Fig. 
1.8). Kidney branching morphogenesis is regulated by reciprocal cell-to-cell interactions between 
the cap mesenchyme and ureteric epithelium (Grobstein, 1953). GDNF-RET signalling is required 
for ureteric branching with Gdnf expressed in the cap mesenchyme and it’s receptor Ret expressed 
in the ureteric tip cells (Pepicelli et al., 1997; Sainio et al., 1997b). Addition of GDNF soaked beads 
to kidney explants triggered increased cell proliferation in ureteric tips, suggesting that this may be 
the underlying mechanism for branching. Furthermore, the non-canonical Wnt gene, Wingless-
related MMTV integration site 11 (Wnt11), is expressed specifically in the branching tips of the 
ureteric epithelium of the kidney (Pepicelli et al., 1997). Loss of Wnt11 function results in 
hypomorphic kidneys from reduced branching and a reduction in Gdnf expression. Reciprocally, 
Wnt11 expression is reduced in the absence of GDNF/RET signalling, suggesting a positive feed 
forward loop that maintains kidney branching morphogenesis (Majumdar et al., 2003). Similarly to 
its role in UB induction, Spry1 interacts with GDNF/RET signalling to modulate branching. Spry1-
null mice have an increased number and size of ureteric tips and up-regulation of mesenchymal 
Gdnf and Wnt11 expression in the ureteric tree (Basson et al., 2006). Therefore, Spry1 antagonises 
GDNF/RET/WNT11 signalling to maintain a balance of ureteric branching (Fig. 1.8). 
 
1.5.3 Nephron formation is regulated by a balance between renewal and differentiation of 
progenitor cells. 
During branching morphogenesis, the cap mesenchyme undergoes a series of repetitive 
mesenchyme-to-epithelial transitions to form nephrons, the functional unit of the kidney. 
Nephrogenesis ceases just after birth in mice (Short et al., 2014). Thus, a balance of differentiation 
and self-renewal signals are required to regulate the differentiation of the cap mesenchyme to 
epithelial tubules, without premature exhaustion of the cap mesenchyme. 
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Figure 1.8 Kidney development requires reciprocal signalling between the cap mesenchyme (CM) and ureteric 
tip (UT) to drive the branching of the ureteric tree, and to balance the renewal and differentiation of the CM.  
A representative ureteric tip (UT) of a 13.5 dpc kidney highlights the dynamic interactions between the CM, stroma (S) 
and UT.  A feed-forward loop between GDNF/RET/WNT11 drives branching morphogenesis, with SPRY1 dampening 
down GDNF/RET signalling. SIX2 and FGF9/20 are required for renewal of the cap mesenchyme, with WNT9B 
signalling from the ureteric tip to induce to CM to condense to a pre-tubular aggregate (PTA). The differentiation of the 
CM in response to WNT9B depends on FAT4 signalling from the S (marked by FOXD1). FAT4 phosphorylates YAP 
in the CM, inhibiting the nuclear accumulation of YAP and resulting in differentiation of the CM. 
 
1.5.3.1 Nephron progenitor renewal/ differentiation 
 A key factor in maintaining cap mesenchyme in a progenitor state is Six2. Demonstrating its 
functional importance to the nephron progenitors, loss of Six2 results in precocious ectopic 
nephrogenesis with rapid depletion of the nephron progenitor pool (Self et al., 2006) (Fig. 1.8). 
Lineage tracing of Six2-positive cells has identified that at least some Six2 cells are multipotent in 
their ability to give rise to distinct nephron segments. Moreover, Six2 acts cell autonomously to 
maintain progenitor cells via self-renewal (Kobayashi et al., 2008).  Critical niche signals for the 
maintenance of nephron progenitors are FGF9 and Fibroblast growth factor 20 (FGF20). Loss of 
both Fgf9 and Fgf20, leads to kidney agenesis from premature nephron progenitor differentiation. 
Furthermore, media supplemented with FGF9 or FGF20 is able to maintain isolated cap 
mesenchyme in vitro (Barak et al., 2012). In addition, Bone morphogenetic protein 7 (Bmp7) is 
required for the survival of the cap mesenchyme (Dudley et al., 1995) and can synergise with FGF9 
to maintain nephron progenitor cells in culture (Barak et al., 2012; Dudley et al., 1999). 
  
Balanced with signals controlling the self-renewal of the cap mesenchyme, inductive signals from 
the ureteric tip and stromal cells induce the differentiation of cap mesenchyme to nephrons. The 
induction of nephrogenesis requires the sequential expression of two Wnt genes, Wnt9b and Wnt4 
(Fig. 1.8). Wnt9b is expressed in the ureteric epithelium during branching morphogenesis. In 
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Wnt9b-null mice, the cap mesenchyme fails to aggregate and undergo mesenchyme-to-epithelial 
transition (Carroll et al., 2005). Downstream of Wnt9b expression, Wnt4 is expressed in the MM. 
Both Wnt9b and Wnt4 are necessary in vivo and sufficient in vitro for the cap mesenchyme to 
undergo mesenchyme-to–epithelial transition (Carroll et al., 2005; Kispert et al., 1998; Stark et al., 
1994). Also, downstream of Wnt9b, Fgf8 is required for the tubulogenic nephron program. In Fgf8 
conditional loss-of-function mice where Fgf8 was genetically inactivated in the MM, nephrogenesis 
was initiated but nephrons did not progress to the S-shaped body stage (Grieshammer et al., 2005). 
Hence, inductive signals promote mesenchymal-to-epithelial transition to form nephrons.  
 
How do these opposing signals regulate the balance between renewal and differentiation? WNT9B 
acts on the nephron progenitor niche to activate β-catenin signalling and somewhat surprisingly, can 
act synergistically with SIX2 to activate some progenitor target genes (Karner et al., 2011). 
Chromatin immunoprecipitation studies have identified that SIX2 and β-catenin containing 
transcriptional complexes have both opposing and collaborative regulatory interactions in DNA 
enhancer regions within the cap mesenchyme. Three classes of target genes were identified: (1) 
Genes activated by canonical β-catenin signalling that lead to differentiation, such as Fgf8 and 
Wnt4; (2) Genes activated by SIX2 that are expressed in nephron progenitors, such as Six2 itself; (3) 
Genes that are expressed in nephron progenitors and are positively regulated by both SIX2 and β-
catenin, such as Eya1 (Park et al., 2012). It has been hypothesised that differential β-catenin DNA 
regulatory complexes may mediate the difference between class one, two and three gene targets and 
cellular responses. In class one genes, β-catenin is partnered with TCF/LEF whereas in class two 
genes, SIX2 forms a regulatory complex with TCF/LEF, suggesting a mechanism whereby 
competitive interactions with TCF/LEF factors mediates a switch between progenitor maintenance 
and differentiation (Park et al., 2012). Class three genes are likely not activated through TCF-LEF 
regulatory complexes and instead, are possibly regulated by an association with an alternate DNA 
binding partnership (Park et al., 2012).  
 
Recently, it has been shown that kidney stromal cells have a key role in regulating nephron 
progenitor differentiation in modulating the CM response to β-catenin. To define the function of the 
kidney stroma in regulating kidney development, the stroma was genetically ablated using a floxed 
Diphtheria toxin A chain transgenic mouse crossed with a Foxd1-cre recombinase mouse. Loss of 
kidney stromal cell resulted in an expansion of SIX2 expressing nephron progenitors and reduced 
differentiation. Subsequently, the critical differentiation signal in the stroma was identified as the 
atypical cadherin Protocadherin Fat 4 (Fat4) (Das et al., 2013). FAT4 signals to the cap 
mesenchyme and induces phosphorylation of Yes-associated protein (YAP)/Transcriptional 
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coactivator with PDZ-binding motif (TAZ), which prevents nuclear translocation of YAP/TAZ. In 
this scenario, β-catenin signalling downstream of WNT9b activates class 1 target genes, resulting in 
progenitor differentiation (Das et al., 2013) (Fig. 1.8). On the other hand, in the absence of FAT4 
signalling, YAP/TAZ is translocated to the nucleus and interacts with β-catenin to activate the 
expression of class 3 genes and promote cell renewal (Das et al., 2013). The mode of interaction 
between β-catenin, YAP/TAZ and SIX2 in nephron progenitors is currently unclear and requires 
further biochemical studies to tease apart. 
 
1.5.3.2 Nephron segmentation 
Upon Wnt9b mediated differentiation, cap mesenchyme cells compact to become a pretubular 
aggregate (Fig. 1.8). Subsequently, the pretubular aggregate undergoes mesenchymal-to-epithelial 
transition to produce a renal vesicle with a polarised epithelium. As a consequence, the renal vesicle 
must fuse with the ureteric tip, elongate, bend to form an S-shaped body and become functionally 
segmented.  The final mature nephron is patterned from proximal-to-distal axis into a renal vesicle, 
loop of henle, distal tubule and connecting segments (reviwed by Little et al., 2010). Important 
genetic regulators of nephron segmentation include Hepatocyte nuclear factor-1beta (HNF1β) and 
the NOTCH pathway (Cheng et al., 2007; Heliot et al., 2013; Naylor et al., 2013). 
 
1.6 Lower urinary system development 
 
The lower urinary tract is composed of the bladder and urethra, which form an outflow tract that 
collects, stores and excretes urine from the body. Initially the paired WDs terminate their migration 
via a direct connection with the cloaca at 9.5 dpc (Chia et al., 2011).  The cloaca is an endodermal 
sac, formed at the junction of the posterior end of the hindgut and allantois (Kluth et al., 1995). The 
cloaca becomes separated from the amniotic cavity by the cloacal membrane at the union between 
the body wall ectoderm and the cloacal endoderm (Kluth et al., 1995).  
 
The cloaca will later become physically partitioned into the urogenital sinus and hindgut, resulting 
in separation of the urinary and digestive tracts (Nievelstein et al., 1998).  The underlying 
mechanism that drives this morphogenesis is unclear, with various models proposed including a 
down-growth of splanchnic mesoderm called Tourneux’s fold, extension of two lateral bands of 
mesoderm called Rathke’s folds, epithelial reorganisation of the cloacal epithelium and differential 
growth of the cloacal mesoderm (Hynes and Fraher, 2004; Kluth et al., 1995; Nievelstein et al., 
1998; van der Putte, 2005).  The bladder and urethra subsequently differentiate from the urogenital 
sinus (Marshall, 1978). 
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The establishment of a direct connection between the ureter and bladder is a complex event. The 
ureter and kidney are initially indirectly connected to the cloaca/urogenital sinus via a short 
segment of WD called the common nephric duct (CND). However, the ureter must then disassociate 
from the WD and connect with the bladder epithelium in a muscular region of the bladder called the 
trigone (Batourina et al., 2005; Viana et al., 2007). A number of factors guide the repositioning of 
the ureter orifice, in particular retinoic acid signalling (Batourina et al., 2005). The precise 
stereotypic position of the UB is required to facilitate this event and genes that regulate the position 
of UB induction have been found to have incorrect connections between the kidney and bladder 
(Kume et al., 2000; Lu et al., 2007b; Miyazaki et al., 2000). Initially, the CND expands from 11.5 
dpc to form a wedged-shaped epithelium. The expansion allows the ureter to move away from the 
WD. Between 13.5-14.5 dpc the CND undergoes apoptosis, which facilitates the separation of the 
ureter from the WD (Batourina et al., 2002; Batourina et al., 2005). Once separated, the ureter has 
to position itself by fusing with the bladder. At 12.5 dpc the WD and ureter form a loop that 
positions the ureter next to the future site of urogenital sinus fusion. The ureter is subsequently 
repositioned to the neck of the bladder and WD remains at original site of insertion in the now 
differentiated urethra. Finally, the bladder epithelium expands, facilitating the separation of the WD 
and ureter (Batourina et al., 2002; Batourina et al., 2005; Viana et al., 2007). 
 
1.7 Congenital Anomalies of the Kidney and Urinary Tract 
 
Congenital Anomalies of the Kidney and Urinary Tract (CAKUT) span a wide spectrum of human 
birth malformations, which may only affect the development of the kidney and/or urinary tract, or 
be a part of a syndrome with multiple-organ system involvement. CAKUT occurs in around 1:500 
live births (Rumballe et al., 2010) and encompasses a range of phenotypes including renal agenesis, 
duplex kidney, renal hypoplasia, renal cysts, horseshoe kidney, vesicoureteral reflux, urinary tract 
obstruction, bladder and urethral anomalies (Renkema et al., 2011). Moreover, children with 
CAKUT are susceptible to developing chronic kidney disease, urinary tract infections and renal 
failure (Sanna-Cherchi et al., 2009). In addition, compromised renal function can lead to 
developmental delays. While CAKUT categorises a heterogeneous set of phenotypes with variable 
penetrance, many single-gene dominant and recessive mutations have been found to cause CAKUT 
(Hwang et al., 2014). With the advent of high-throughput sequencing technologies, patient 
databases and genetic validation using single gene loss-of-function mouse models, over 20 single 
CAKUT-causing genes have been identified (Vivante et al., 2014). Herein is summarised a number 
of human single-gene causes of CAKUT that have been validated in mouse (Table 1.2).  
31 
  
G
en
e 
H
um
an
 U
rin
ar
y 
Ph
en
ot
yp
e 
H
um
an
 
M
ut
at
io
n 
M
ou
se
 U
rin
ar
y 
Ph
en
ot
yp
e 
R
ef
er
en
ce
s 
BM
P4
 
M
ic
ro
ph
th
al
m
ia
, S
yn
dr
om
ic
 6
, O
M
IM
 6
07
93
2 
D
om
in
an
t 
H
et
er
oz
yg
ou
s B
m
p4
-n
ul
l m
ic
e:
 
(B
en
ne
tt 
et
 a
l.,
 1
99
1)
 
	  
R
en
al
 H
yp
o/
dy
sp
la
si
a,
 A
bn
or
m
al
 E
xt
er
na
l G
en
ita
lia
 
(L
O
F)
 
H
yp
o/
dy
sp
la
st
ic
 K
id
ne
ys
, H
yd
ro
ur
et
er
, 
(B
ak
ra
ni
a 
et
 a
l.,
 2
00
8)
 
  
  
  
D
up
le
x 
co
lle
ct
in
g 
sy
st
em
 
(M
iy
az
ak
i e
t a
l.,
 2
00
0)
 
N
FI
A 
C
hr
om
os
om
e 
1p
32
-p
31
 D
el
et
io
n 
Sy
nd
ro
m
e 
O
M
IM
 6
13
73
5 
D
om
in
an
t  
H
om
oz
yg
ou
s N
fia
-n
ul
l m
ic
e:
 
(L
u 
et
 a
l.,
 2
00
7a
) 
	  
V
es
ic
ou
re
te
ra
l r
ef
lu
x,
 u
rin
ar
y 
in
co
nt
in
en
ce
, c
ry
pt
or
ch
id
is
m
 
(L
O
F)
 
A
bn
or
m
al
iti
es
 o
f u
re
te
ro
pe
lv
ic
 a
nd
 u
re
te
ro
ve
si
ca
l 
	  
  
	  	  
  
 ju
nc
tio
ns
, b
ifi
du
re
te
r a
nd
 m
eg
au
re
te
r 
  
EY
A1
  
B
ra
nc
hi
oo
to
re
na
l S
yn
dr
om
e 
1 
O
M
IM
 1
13
65
0 
D
om
in
an
t 
H
om
oz
yg
ou
s E
ya
1-
nu
ll 
m
ic
e:
 
(F
ra
se
r e
t a
l.,
 1
97
8)
 
	  
R
en
al
 h
yp
op
la
si
a,
 b
ra
nc
hi
al
 fi
st
ul
as
/c
ys
ts
 
(L
O
F)
 
A
bs
en
t K
id
ne
ys
 
(O
rte
n 
et
 a
l.,
 2
00
8)
 
 
  
  
  
(X
u 
et
 a
l.,
 1
99
9)
 
PA
X2
 
Pa
pi
llo
re
na
l S
yn
dr
om
e 
O
M
IM
 1
20
33
0 
D
om
in
an
t 
H
et
er
oz
yg
ou
s P
ax
2-
nu
ll 
m
ic
e:
 
(S
an
ya
nu
si
n 
et
 a
l.,
 1
99
5)
 
  
V
es
ic
ur
et
al
 re
flu
x 
an
d 
 c
ys
tic
 re
na
l h
yp
op
la
si
a 
(L
O
F)
 
K
id
ne
y 
hy
po
pl
as
ia
 
(P
or
te
ou
s e
t a
l.,
 2
00
0)
 
RE
T 
R
en
al
 a
ge
ne
si
s O
M
IM
 1
91
83
0,
 H
irs
ch
sp
ru
ng
 d
is
ea
se
 1
 
D
om
in
an
t 
H
om
oz
yg
ou
s R
et
-n
ul
l m
ic
e:
 
(J
ai
n 
et
 a
l.,
 2
00
4)
 
  
O
M
IM
 1
42
62
3,
 R
en
al
 h
yp
op
la
si
a 
an
d 
ag
en
es
is
  
(L
O
F)
 
B
ila
te
ra
l r
en
al
 a
ge
ne
si
s o
r a
pl
as
ia
 
(S
ch
uc
ha
rd
t e
t a
l.,
 1
99
4)
 
RO
BO
2 
V
es
ic
ou
re
te
ra
l r
ef
lu
x 
O
M
IM
 6
10
87
8 
D
om
in
an
t 
H
om
oz
yg
ou
s R
ob
o2
-n
ul
l m
ic
e:
 
(L
u 
et
 a
l.,
 2
00
7b
) 
  
V
es
ic
ou
re
te
ra
l r
ef
lu
x 
an
d 
ur
et
er
ov
es
ic
al
 d
ef
ec
ts
,  
(L
O
F)
 
M
ul
tip
le
x 
ki
dn
ey
s a
nd
 V
es
ic
ou
re
te
ra
l r
ef
lu
x 
  
SA
LL
1 
To
w
ne
s-
B
ro
ke
s S
yn
dr
om
e 
O
M
IM
 1
07
48
0 
D
om
in
an
t 
H
om
oz
yg
ou
s S
al
l1
-n
ul
l m
ic
e:
 
(B
ot
ze
nh
ar
t e
t a
l.,
 2
00
5)
 
  
H
yp
op
la
st
ic
 k
id
ne
y,
 R
en
al
 a
ge
ne
si
s 
(L
O
F)
 
K
id
ne
y 
ag
en
es
is
/d
ys
ge
ne
si
s 
(N
is
hi
na
ka
m
ur
a 
et
 a
l.,
 2
00
1)
 
H
N
F1
B 
R
en
al
 c
ys
ts
 a
nd
 d
ia
be
te
s s
yn
dr
om
e 
O
M
IM
  1
37
92
0 
D
om
in
an
t 
Tr
an
sg
en
ic
 e
xp
re
ss
io
n 
of
 H
N
F1
B
 d
om
in
an
t-n
eg
: 
(B
in
gh
am
 e
t a
l.,
 2
00
1)
 
 
R
en
al
 c
ys
ts
, R
en
al
 h
yp
op
la
si
a,
 K
id
ne
y 
ag
en
es
is
,  
(L
O
F)
 
Po
ly
cy
st
ic
 k
id
ne
ys
 
(E
dg
hi
ll 
et
 a
l.,
 2
00
6)
 
 
H
or
se
ho
e 
ki
dn
ey
 
 
D
el
et
io
n 
in
 th
e 
in
ne
r c
el
l m
as
s:
 
(G
re
sh
 e
t a
l.,
 2
00
4)
 
  
  
  
U
B
 b
ra
nc
hi
ng
 d
ef
ec
ts
 
(L
ok
m
an
e 
et
 a
l.,
 2
01
0)
 
SI
X1
 
D
ea
fn
es
s, 
A
ut
os
om
al
 D
om
in
an
t 2
3 
O
M
IM
 6
05
19
2 
D
om
in
an
t 
H
om
oz
yg
ou
s S
ix
1-
nu
ll 
m
ic
e:
 
(S
al
am
 e
t a
l.,
 2
00
0)
 
  
H
yp
od
ys
pl
as
tic
 k
id
ne
y,
 v
es
ic
ou
re
te
ra
l r
ef
lu
x,
 re
na
l f
ai
lu
re
 
(L
O
F)
 
A
bs
en
t K
id
ne
ys
 
(X
u 
et
 a
l.,
 1
99
9)
 
 
Ta
bl
e 
1.
2 
G
en
es
 id
en
tif
ie
d 
in
 C
on
ge
ni
ta
l A
no
m
al
ie
s 
of
 th
e 
K
id
ne
y 
an
d 
U
rin
ar
y 
tra
ct
 (C
A
K
U
T)
 th
at
 a
re
 v
al
id
at
ed
 in
 m
ou
se
.  
Lo
ss
-
of
-f
un
ct
io
n 
(L
O
F)
 
32 
  
G
en
e 
H
um
an
 U
rin
ar
y 
Ph
en
ot
yp
e 
H
um
an
 
M
ut
at
io
n 
M
ou
se
 U
rin
ar
y 
Ph
en
ot
yp
e 
R
ef
er
en
ce
s 
BM
P7
 
U
re
te
ro
ve
si
ca
l J
un
ct
io
n 
ob
st
ru
ct
io
n 
O
M
IM
 1
93
00
0 
D
om
in
an
t 
H
om
oz
yg
ou
s B
m
p7
-n
ul
l m
ic
e:
 
(H
w
an
g 
et
 a
l.,
 2
01
4)
 
  
U
re
te
ro
ve
si
ca
l d
ef
ec
ts
 
 (L
O
F)
 
R
en
al
 d
ys
pl
as
ia
 
(D
ud
le
y 
et
 a
l.,
 1
99
9)
 
G
AT
A3
 
H
yp
op
ar
at
hy
ro
id
is
m
, S
en
so
rin
eu
ra
l d
ea
fn
es
s, 
 
D
om
in
an
t 
G
at
a3
 c
on
di
tio
na
l-n
ul
l m
ic
e:
 
(F
er
ra
ris
 e
t a
l.,
 2
00
9)
 
 
an
d 
R
en
al
 d
is
ea
se
 O
M
IM
 1
46
25
5 
 (L
O
F)
 
R
en
al
 d
ys
pl
as
ia
, d
up
le
x 
sy
st
em
s, 
an
d 
hy
dr
ou
re
te
r 
(G
ro
te
 e
t a
l.,
 2
00
8)
 
SI
X2
 
Po
st
er
io
r U
re
th
ra
l V
al
ve
, R
en
al
 H
yp
op
la
si
a 
D
om
in
an
t 
H
om
oz
yg
ou
s S
ix
2-
nu
ll 
m
ic
e:
 
(H
w
an
g 
et
 a
l.,
 2
01
4)
 
 
 
 (L
O
F)
 
R
en
al
 h
yp
op
la
si
a 
(W
eb
er
 e
t a
l.,
 2
00
8)
 
  
  
  
  
(S
el
f e
t a
l.,
 2
00
6)
 
SO
X1
7 
V
es
ic
ou
re
te
ra
l r
ef
lu
x-
3 
O
M
IM
 6
13
67
4 
D
om
in
an
t 
H
et
er
oz
yg
ou
s S
ox
17
-n
ul
l; 
H
om
oz
yg
ou
s S
ox
18
-n
ul
l  
(G
im
el
li 
et
 a
l.,
 2
01
0)
 
 
V
es
ic
ou
re
te
ra
l r
ef
lu
x,
 p
el
vi
c 
ob
st
ru
ct
io
n 
 (L
O
F)
 
m
ic
e:
 R
ed
uc
ed
 n
eo
va
sc
ul
ar
iz
at
io
n 
of
 k
id
ne
y 
m
ed
ul
la
  
(M
at
su
i e
t a
l.,
 2
00
6)
 
 
 
 
an
d 
ne
cr
os
is
 o
f r
en
al
 tu
bu
la
r e
pi
th
el
iu
m
 c
om
pa
re
d 
to
  
 
	  	  
	  	  
	  	  
ho
m
oz
yg
ou
s S
ox
18
-n
ul
l m
ic
e 
	  	  
W
N
T4
 
M
ul
le
ria
n 
ap
la
si
a 
an
d 
H
yp
er
an
dr
og
en
is
m
 
D
om
in
an
t 
H
om
oz
yg
ou
s W
nt
4-
nu
ll 
m
ic
e:
 
(B
ia
so
n-
La
ub
er
 e
t a
l.,
 2
00
4)
 
  
R
en
al
 H
yp
op
la
si
a 
 
 (L
O
F)
 
R
en
al
 a
ge
ne
si
s 
(S
ta
rk
 e
t a
l.,
 1
99
4)
 
G
LI
3 
Pa
lli
st
er
-H
al
l s
yn
dr
om
e 
O
M
IM
 1
46
51
0 
D
om
in
an
t 
H
om
oz
yg
ou
s G
li3
-n
ul
l m
ic
e:
 
(N
ar
um
i e
t a
l.,
 2
01
0)
 
 
R
en
al
 a
ge
ne
si
s, 
R
en
al
 d
ys
pl
as
ia
, H
yd
ro
ur
et
er
,  
 (L
O
F)
 
R
en
al
 a
pl
as
ia
/d
ys
pl
as
ia
 
(H
u 
et
 a
l.,
 2
00
6)
 
  
V
es
ic
ou
re
te
ra
l r
ef
lu
x 
  
H
yd
ro
ur
et
er
 a
nd
 h
yd
ro
ne
ph
ro
si
s 
(C
ai
n 
et
 a
l.,
 2
01
1)
 
U
PK
3A
 
Su
sc
ep
tib
ili
ty
 to
 C
on
ge
ni
ta
l A
no
m
al
ie
s o
f t
he
 K
id
ne
y 
an
d 
 
D
om
in
an
t 
H
om
oz
yg
ou
s U
pk
3a
-n
ul
l m
ic
e:
 
(J
en
ki
ns
 e
t a
l.,
 2
00
5)
 
  
 U
rin
ar
y 
Tr
ac
t O
M
IM
 6
10
80
5,
 R
en
al
 H
yp
od
yp
la
si
a 
 (L
O
F)
 
V
es
ic
ou
re
te
ra
l r
ef
lu
x,
 U
ro
th
el
ia
l l
ea
ka
ge
 
(H
u 
et
 a
l.,
 2
00
0)
 
U
M
O
D
 
M
ed
ul
la
ry
 c
ys
tic
 k
id
ne
y 
di
se
as
e-
2 
O
M
IM
 6
03
86
0 
D
om
in
an
t 
H
om
oz
yg
ou
s U
m
od
-n
ul
l m
ic
e:
 
(R
am
po
ld
i e
t a
l.,
 2
00
3)
 
  
Tu
bu
lo
in
te
rs
tit
ia
l n
ep
hr
op
at
hy
, R
en
al
 C
ys
ts
 
 (L
O
F)
 
Su
sc
ep
tib
ili
ty
 to
 u
rin
ar
y 
tra
ct
 in
fe
ct
io
ns
  
(B
ac
hm
an
n 
et
 a
l.,
 2
00
5)
 
 
 
 
an
d 
re
na
l d
ys
fu
nc
tio
n 
 
FR
EM
2 
Fr
as
er
 S
yn
dr
om
e 
O
M
IM
 2
19
00
0 
R
ec
es
si
ve
 
H
om
oz
yg
ou
s F
re
m
2-
nu
ll 
m
ic
e:
 
(J
ad
ej
a 
et
 a
l.,
 2
00
5)
 
  
R
en
al
 A
ge
ne
si
s 
 (L
O
F)
 
R
en
al
 c
ys
ts
 
(v
an
 H
ae
ls
t e
t a
l.,
 2
00
8)
 
 
33 
  
G
en
e 
H
um
an
 U
rin
ar
y 
Ph
en
ot
yp
e 
H
um
an
 
M
ut
at
io
n 
M
ou
se
 U
rin
ar
y 
Ph
en
ot
yp
e 
R
ef
er
en
ce
s 
N
SD
1 
So
to
s s
yn
dr
om
e-
1 
O
M
IM
 1
17
55
0 
D
om
in
an
t 
D
el
et
io
n 
of
 N
SD
1 
ge
ne
 re
gi
on
: 
(M
ig
da
ls
ka
 e
t a
l.,
 2
01
2)
 
 
R
en
al
 a
ge
ne
si
s, 
V
es
ic
ou
re
te
ric
 re
flu
x 
(L
O
F)
 
D
ila
tio
n 
of
 th
e 
pe
lv
ic
al
yc
ea
l s
ys
te
m
 
(R
ob
er
ts
on
 
an
d 
B
an
ki
er
, 
19
99
) 
  
  
  
  
(S
ca
rp
a 
et
 a
l.,
 1
99
4)
 
FG
F2
0 
R
en
al
 h
yp
od
ys
pl
as
ia
/a
pl
as
ia
-2
 O
M
IM
 6
15
72
1 
R
ec
es
si
ve
 
H
om
oz
yg
ou
s F
gf
20
 a
nd
 F
gf
9-
nu
ll 
m
ic
e:
 
(B
ar
ak
 e
t a
l.,
 2
01
2)
 
  
  
(L
O
F)
 
K
id
ne
y 
A
ge
ne
si
s (
tw
o 
ge
ne
s a
ct
 re
du
nd
an
tly
) 
  
FR
AS
1 
Fr
as
er
 S
yn
dr
om
e 
O
M
IM
 2
19
00
0 
R
ec
es
si
ve
 
H
om
oz
yg
ou
s F
ra
s1
-n
ul
l m
ic
e 
(M
cG
re
go
r e
t a
l.,
 2
00
3)
 
  
R
en
al
 A
ge
ne
si
s 
(L
O
F)
 
R
en
al
 A
ge
ne
si
s 
(P
ite
ra
 e
t a
l.,
 2
00
8)
 
FR
EM
2 
Fr
as
er
 S
yn
dr
om
e 
O
M
IM
 2
19
00
0 
R
ec
es
si
ve
 
H
om
oz
yg
ou
s F
re
m
2-
nu
ll 
m
ic
e:
 
(J
ad
ej
a 
et
 a
l.,
 2
00
5)
 
  
R
en
al
 A
ge
ne
si
s 
(L
O
F)
 
R
en
al
 c
ys
ts
 
(v
an
 H
ae
ls
t e
t a
l.,
 2
00
8)
 
AG
T 
R
en
al
 T
ub
ul
ar
 D
ys
ge
ne
si
s O
M
IM
 2
67
43
0 
R
ec
es
si
ve
 
Ag
t, 
Re
n,
 A
ce
, A
gt
r1
 s
in
gl
e-
nu
ll 
m
ic
e:
 
(G
rib
ou
va
l e
t a
l.,
 2
00
5)
 
RE
N
 
A
bs
en
t/r
ed
uc
ed
 d
iff
er
en
tia
te
d 
pr
ox
im
al
 tu
bu
le
s 
re
ni
n-
 
A
lte
re
d 
m
or
ph
ol
og
y 
of
 th
e 
ki
dn
ey
 tu
bu
le
s, 
 
(C
la
rk
 e
t a
l.,
 1
99
7)
 
AC
E 
 
an
gi
ot
en
si
n 
 
 re
na
l d
ys
fu
nc
tio
n 
(N
iim
ur
a 
et
 a
l.,
 1
99
5)
 
AG
TR
1 
  
sy
st
em
 
  
(E
st
he
r e
t a
l.,
 1
99
6)
 
 
34 
1.8  Project Aims and significance 
 
Elucidating the fundamental cellular events driving urogenital patterning and molecular dissection 
of the underlying signalling basis will help to inform our understanding of the origin of CAKUT 
and DSD. As outlined in the preceding review, the urogenital system requires complex 
transcriptional networks and cell-cell signalling to coordinate the differentiation of the gonads, 
reproductive tracts, and upper and lower urinary system, respectively. However, the signalling 
pathways and cellular events controlling the patterning and differentiation of the intermediate 
mesoderm to urogenital system are not well defined.  
 
I hypothesised that the differentiation of the intermediate mesoderm relies on a combination of 
signals intrinsic to the urogenital system and extrinsic cues from the embryo anterior-posterior axis. 
Therefore, in this thesis I aimed to investigate how signalling autonomous to the urogenital system 
and from the embryo body plan are integrated to regulate urogenital patterning and organ 
development.  
 
In addition, the function of a class of regulatory RNAs, microRNAs, in regulating gonad 
differentiation is poorly understood. For this reason, the expression, regulation, and function of a 
candidate microRNA in testis differentiation was investigated.  
 
 The specific aims of this project were: 
 
1. To investigate the role of Robo2 in restricting kidney induction. 
2. To investigate the role of Wnt5a and a failure of extension of the embryo anterior-posterior 
axis on urogenital patterning. 
3. To investigate the consequences of primary cilium dysfunction on urogenital patterning.  
4. To examine the expression, regulation and function of the microRNA miR-202 in regulating 
gonad differentiation. 
 
 
Chapter 2 EXPANSION AND PERTURBED LOCALISATION OF NEPHRON 
PROGENITORS UNDERLIES MULTIPLEX KIDNEY FORMATION IN 
ROBO2-NULL MICE 
2  
Results presented as manuscript in preparation 
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Expansion and perturbed localisation of nephron progenitors 
underlies multiplex kidney formation in Robo2-null mice 
 
Elanor N. Wainwright, Dagmar Wilhelm, Melissa H. Little and Peter Koopman 
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2.1 Abstract 
 
Disruption of the ROBO2 gene in humans and mice is associated with urinary tract anomalies 
including duplex kidney, ectopic ureters and vesicoureteral reflux. The ROBO-SLIT signalling 
pathway has a well-established function in cell migration during the development of a number of 
organ systems. It has been previously demonstrated that an expansion of the domain of Gdnf 
expression is central to the ectopic ureteric buds observed in Robo2-null mice and suggested that: 
(1) loss of Robo2 does not result in an expansion of the metanephric mesenchyme; and (2) Robo2 
does not have a migratory role in the early metanephros. Challenging this view, here we show that 
genetic loss of Robo2 leads to an increase in the proliferation and number of nephrogenic cord cells, 
resulting in an expansion of the metanephric mesenchyme and therefore Gdnf expression. 
Moreover, ex vivo experiments revealed that SLIT2-ROBO2 signalling is unlikely to be a direct 
mitosis-inhibiting signal, suggesting that the increase in proliferation of Robo2-null nephron 
progenitors is dependent on the presence of the Wolffian duct. Strikingly, the nephrogenic cord fails 
to separate from the Wolffian duct prior to UB outgrowth resulting in inappropriate interactions 
between the Wolffian duct and the metanephric mesenchyme, which is maintained in kidney 
development. Our data provide genetic evidence supporting a role for active separation of the 
metanephric mesenchyme from the Wolffian duct and details the cellular events underlying duplex 
kidney formation in human individuals with ROBO2 loss-of-function mutations.   
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2.2 Introduction 
 
Congenital anomalies of the kidney and urinary tract (CAKUT) are among the most frequent human 
organ malformations, representing 20-30% of prenatal anomalies and occurring in 1 in 500 births 
(Rumballe et al., 2010). A number of genetic determinants for CAKUT have been elucidated 
including RET, PAX2 and ROBO2 (Lu et al., 2007b; Romeo et al., 1994; Sanyanusin et al., 1995). 
Loss-of-function of ROBO2 in human and mouse results in the formation of additional kidneys with 
supernumerary ureters (Grieshammer et al., 2004; Lu et al., 2007b). While the phenotype of Robo2-
null mice has been clearly described, the underlying mechanism of ectopic kidney induction is 
poorly understood. 
 
During development, the intermediate mesoderm gives rise to the majority of the cell types in the 
kidney, reproductive tract and gonad. The Wolffian ducts (WDs) form around 8.0 dpc by 
mesenchyme-to-epithelial transition of the dorsal part of the anterior intermediate mesoderm 
(Bouchard et al., 2002; Grote et al., 2006; Pedersen et al., 2005). Subsequently, the paired WDs 
extend in a caudal direction, terminating in the cloaca by 9.5 dpc (Bouchard et al., 2002). The 
remaining ventral intermediate mesoderm is termed the “nephrogenic cord”. Lineage tracing with 
transgenic reporter mouse lines has suggested that the nephrogenic cord contributes to three main 
organs, the mesonephros, the metanephros and possibly the gonad (Di Giovanni et al., 2011; 
Mugford et al., 2008b). 
 
At approximately 10 dpc, mesenchymal condensations of the nephrogenic cord in the anterior 
portion of the mesonephros undergo a mesenchyme-to-epithelial cell transition to form cranial 
mesonephric tubules that are connected to the WD, and unconnected (caudal) mesonephric tubules 
(Mugford et al., 2008a; Sainio et al., 1997a; reviewed by Saxen and Sariola, 1987). In XY genital 
ridges, cranial mesonephric tubules go on to form the efferent ducts (reviewed by Joseph et al., 
2009).  
 
The metanephric kidneys form at the level of the hind limb. The kidney develops from an 
interaction between the posterior region of the nephrogenic cord, the metanephric mesenchyme 
(MM), and the WD, such that a single ureteric bud (UB) is induced from the lateral WD (Pichel et 
al., 1996b; Sainio et al., 1997b). As the UB invades into the MM, the WD and MM become 
separated by the ureteric mesenchyme, creating a barrier preventing inappropriate signalling 
interactions between the MM and WD (Bohnenpoll et al., 2013; Michos et al., 2007). While the 
origin of the ureteric mesenchyme is unclear in mouse, in chickens it is derived from tail bud 
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mesenchyme rather than intermediate mesoderm (Brenner-Anantharam et al., 2007). Subsequently, 
the UB undergoes extensive branching to eventually form the collecting ducts of the kidney 
(reviewed by Little et al., 2010). The MM gives rise to the cap mesenchyme or nephron progenitor 
cells that undergo a highly regulated balance of self-renewal and differentiation to sequentially form 
epithelial nephrons until birth (Kobayashi et al., 2008; Short et al., 2014).  
 
Outgrowth of a single UB from the WD is a highly regulated process, with a number of genetic 
pathways ensuring correct development. Several signals between the MM and WD are critical to 
induce UB outgrowth, with glial cell-line derived neurotrophic factor, GDNF, being the central 
factor. Prior to UB development, Gdnf is expressed in the nephrogenic cord, with its receptor RET 
and co-receptor GFRα-1 expressed along the length of the WD (Hellmich et al., 1996; Pachnis et 
al., 1993; Suvanto et al., 1996). As outgrowth of the UB commences at 10.5 dpc, expression of 
Gdnf is restricted to the posterior MM, where the UB forms. By 11.0 dpc, Gdnf expression is 
anteriorly restricted at the level of the mid-hind limb bud (Grieshammer et al., 2004). Biochemical 
assays have clarified the transcriptional network regulating Gdnf expression, showing that EYA1 
forms a protein complex with HOX11 paralogues and PAX2 to directly activate the Six2 promoter 
in the MM. Subsequently, SIX2 and the HOX11/EYA1/PAX2 complex directly transactivate the 
Gdnf promoter (Brodbeck et al., 2004; Gong et al., 2007). Disruption of the Gdnf gene in mouse 
results in renal agenesis from a lack of induction of the UB or severe renal dysgenesis from a defect 
in branching (Moore et al., 1996; Pichel et al., 1996b; Sanchez et al., 1996). Furthermore, ectopic 
expression of Gdnf along the WD is sufficient to induce supernumerary UBs, cementing the 
importance of correct temporal-spatial control Gdnf expression (Shakya et al., 2005).   
 
ROBO-SLIT signalling regulates cell migration in a number of tissues including: axon guidance at 
the central nervous system midline (Seeger et al., 1993) (Rothberg et al., 1988); migration of 
vascular endothelial cells towards a chemoattractant gradient (Jones et al., 2009; Park et al., 2003); 
migration of ventral muscle precursor cells (Kramer et al., 2001); and migration of foregut 
mesoderm away from the dorsal body wall (Domyan et al., 2013). In addition, ROBO-SLIT 
signalling has a proposed non-migratory function in specifying the position of kidney induction 
(Grieshammer et al., 2004). During UB formation at 10.5 dpc, Slit2 is expressed at high levels in 
the WD and Robo2 is expressed throughout the MM (Grieshammer et al., 2004). Slit2 and Robo2-
null mice develop multiple UBs resulting in ectopic kidney formation and fusion. These ectopic 
UBs were induced by inappropriate expression of Gdnf, in the anterior MM. Therefore, SLIT2-
ROBO2 signalling is required to restrict the domain of Gdnf expression and hence kidney induction 
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(Grieshammer et al., 2004; Lu et al., 2007b), but the cellular and molecular mechanism by which 
these functions are achieved is unclear.  
Here we have investigated the cause of ectopic UB formation in Robo2-null mice. We show that the 
MM is expanded in Robo2-null mice, explaining why Gdnf expression is anteriorly expanded. In 
addition we find that the MM fails to separate from the WD during kidney induction. Our data 
redefines the prevailing view of ROBO2-SLIT2 pathway in restricting kidney induction and 
genetically demonstrates that signalling from the WD to the MM controls the partitioning of SIX2-
positive cells from the WD. These findings explain how perturbation of developmental events from 
ROBO2 loss-of-function mutations can result in CAKUT. 
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2.3 Materials and Methods 
 
2.3.1 Mouse strains 
The Robo2-null (Lu et al., 2007b), Wnt5a-null (Yamaguchi et al., 1999) and Six2GCE (Kobayashi 
et al., 2008) mouse lines have been described previously. Wild-type embryos for expression 
analysis were collected from timed matings of outbred CD1 strain mice, and noon of the day on 
which the mating plug was observed designated 0.5 days post coitum (dpc). For accurate staging, 
the developmental stage of the embryo was determined by counting either the total number of 
somites (s) or the number of somites posterior to the hind limb, with 9.5 dpc corresponding to 25s, 
10.5 dpc to 8-10 ts or 35s, and 11.5 dpc to 17-18 ts.  
 
2.3.2 Antibodies and stains 
The following primary antibodies against endogenous mouse antigens were used in 
immunofluorescence; rabbit anti-SIX2 (code 11562-1-AP; United Bioresearch Products) used at 
1:600; mouse anti-E-cadherin (610182, Becton Dickinson) used at 1:200; rabbit anti-PAX2 (71-
6000, Invitrogen), used at 1:200; mouse anti-SIX2 (H00010736-M01, Abnova), used at 1:100; 
mouse anti-WT1 (M3561, Dako Australia), used at 1:200; rabbit anti-ROBO2 (ab64158, Abcam), 
used at 1:200; mouse anti-BrdU (00-0103, Invitrogen), used at 1:200; goat anti-myc tag (ab9132, 
Abcam), used at 1:1000; rabbit anti-SMAD1/3/5 (700047, Invitrogen), used at 1:200; mouse anti-β-
catenin (610154, Becton Dickinson), used at 1:100; and goat anti-mouse Integrin-Alpha8 (LS-
C150210, Sapphire Bioscience); used at 1:100. The secondary antibodies used were goat anti-rabbit 
Alexa 594 (A11034; Invitrogen), 1:200; rabbit anti-goat-HRP (R-21459, Invitrogen), 1:2000; and 
goat anti-mouse Alexa 488 (A11001; Invitrogen), 1:200. 40,6-diamidino-2-phenylindole (DAPI; 2 
ng/l in PBS; Molecular Probes) was used at 1:1000 dilution to visualize nuclear DNA in 
immunofluorescence.  
 
2.3.3 Immunofluorescence 
For section immunofluorescence, 7 µm paraffin sections were processed as described previously 
(Polanco et al., 2010) and slides were imaged using a LSM 510 Meta; Zeiss confocal microscope. 
For whole mount immunofluorescence, dissected urogenital ridges/kidneys were fixed in 4% 
paraformaldehyde (PFA) in PBS overnight at 4°C. Samples were washed in phosphate buffered 
saline (PBS) and stored in 100% methanol (MeOH) at -20°C. Samples were rehydrated into PBS 
with 0.1% Triton X-100 (PBTX) and then blocked for 4 hours at room temperature in 10% heat 
inactivated horse serum (HS)/PBTX. Primary antibody was incubated overnight at 4°C and then 
washed three times in PBTX for a minimum of 24 hours. Subsequently, the secondary antibody was 
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incubated overnight at 4°C diluted in 10% HS/PBTX and then washed three time in PBTX for a 
minimum of 24 hours. Samples were dehydrated into 100% methanol before being cleared by 1:2 
benzyl alcohol/benzyl benzoate (BABB). Samples were mounted in a glass bottom dish (code 
P35G-1.5-14-C, MatTek corporation) and imaged using an inverted LSM 510 Meta (Zeiss) 
confocal microscope. 
 
2.3.4 In situ hybridisation 
Probes used were Slit2 (Probe covers 2152-3198 bp of Slit2 transcript), Foxd1 (maprobe: 5884, 
GUDMAP (Little et al., 2007)), Tbx18 (maprobe: 5257, GUDMAP (Little et al., 2007)) and Wnt4 
(Probe covers 17-1099 bp of Wnt4 transcript). Section in situ hybridisation (ISH) was performed as 
previously described (Wilhelm et al., 2007a) with hybridization of the probe at 60°C. Whole mount 
ISH was performed as previously described (Hargrave and Koopman, 1999) with hybridisation of 
the probe at 65°C. The colour reactions were performed for equal amounts of time on Robo2-null 
and wild-type embryo samples at the same time point. 
  
2.3.5 Ex vivo culture  
HEK-C and HEK-Slit2 cells have been described previously (De Bellard et al., 2003). HEK-C or 
HEK-Slit2 cells were grown to 80% confluency in a 6-well plate and incubated for 24 hours with 2 
mL of culture media as detailed in (Barak et al., 2012). The supernatant of the conditioned media 
was then used in nephrogenic zone culture. Briefly, metanephric mesenchyme/stroma was manually 
dissected from 11.5 dpc kidneys after 10 min digestion with 0.25% collagenase (Sigma; C5138-
100MG) in 10% fetal calf serum/PBS at 37°C. Dissected nephrogenic zone was placed on a filter 
(Millipore; HAWPO1300) suspended on HEK-C or HEK-Slit2 conditioned media supplemented 
with 1 µg/ml Heparin (Sigma), 400 ng/mL FGF9 (Bio-Scientific; 273-F9-025), 50 ng/mL BMP7 
(Bio-Scientific; 354-BP-010/CF) as detailed in (Barak et al., 2012) and cultured overnight at 37oC. 
For kidney explant culture, urogenital tissue was grown on 6.5 mm diameter 3 µm pore Transwell 
filters (code; 3415, Sigma) suspended on culture media containing Dulbecco's Modified Eagle 
Medium (Invitrogen; 10313-039), 10% fetal calf serum, 1% Penicillin-Streptomycin (Invitrogen; 
15070-063), with or without 400ng/mL of recombinant GDNF protein (Bio-scientific; 512-GF-010) 
for 48 hours at 37°C. 
 
2.3.6 Western blot 
Briefly, 5 µL of cell culture supernatant was fractionated on a 10% SDS-PAGE gel and transferred 
onto an Immobilon-P membrane (Merck; IPVH00010). Subsequently, the membrane was blocked 
in 10% skim milk powder/PBS with 0.1% Tween (PBST) for 1 hour at room temperature before 
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incubation with the primary antibody diluted in block overnight at 4°C. The membrane was washed 
three times in PBST for a minimum of 30 mins before incubation with the secondary antibody 
diluted in blocking solution for one hour at room temperature. The membrane was then washed 
three times in PBST for a minimum of 30 mins before incubation with ECL substrate ClarityTM  
(Bio-rad; 1705061) for 10 min. The signal was captured by ChemiDocTM MP System (Bio-rad). 
 
2.3.7 Cell proliferation studies 
0.2 mL of BrdU labeling reagent (code 00-0103, Invitrogen) was intraperitoneally injected per 20g 
pregnant mice at 10.5 dpc and the embryos were harvested after 30 min. Embryos were fixed in 4% 
PFA overnight and the washed in PBS before being dehydrated and embedded in paraffin. Section 
immunofluorescence with high pH antigen retrieval was performed to denature the DNA and detect 
BrdU and SIX2. To assess cell proliferation in nephrogenic zone cultures after 24 hours, EdU (code 
C10085, Invitrogen) was diluted to 10 µM in the explant culture media and incubated at 37°C for 2 
hours. Subsequently, the filters were fixed for 15 minutes at room temperature in 4% 
paraformaldehyde (PFA) in PBS and blocked overnight in 3% Bovine Serum Albumin (BSA)/PBS. 
The next day, whole mount immunofluorescence was performed as described above for SIX2, and 
EdU was detected as per manufacturers instructions (code C10085, Invitrogen).  
 
2.3.8 Image capture, analysis and processing 
For whole mount immunofluorescence, serial Z-optical sections were captured for the depth of the 
sample. For whole mount urogenital ridges, samples were imaged on 10x objective with a 0.7x 
optical zoom, tiled over two different fields of view at 3.4 µm intervals. For 13.5 dpc kidneys, 
samples were imaged on a 10x objective at 3.4 µm intervals. Optical sections were processed in 
Imaris software (Bitplane) to produce maximum intensity projections. 3-dimentional rendering was 
performed with Imaris software surface tools. For the relative number of SIX2 positive cells in 10.5 
dpc urogenital ridges, Z-stacks were de-identified and every second Z-slice was used for the 
quantification by the cell counter tool in ImageJ software. For BrdU quantification, samples were 
de-identified and every second 7 µm section over a 210 µm interval anterior to the prospective 
ureteric bud (as assessed by dilation of the WD and relative position to the hind limb) was imaged 
for BrdU and SIX2 staining. The relative number of BrdU/SIX2-positive cells was measured using 
the cell counter tool in ImageJ software and expressed as a percentage over total number of SIX2-
positive cells. For EdU quantification of the nephrogenic zone culture, the relative number of 
EdU/SIX2-positive cells was measured on 3 de-identified images taken at 40x magnification using 
the cell counter tool in ImageJ software.  The relative number of EdU/SIX2-positive cells was 
expressed as a percentage over the total number of SIX2-positive cells. For quantification of the 
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distance between SIX2-positive cells and the WD, ImageJ software drawing tools were used to 
measure the shortest distance between SIX2-positive nuclei and WD nuclei on de-identified 
samples over the same spatial interval used for BrdU analysis. The data were analysed by two-tailed 
unpaired Students T-test and error bars represent the standard error of the mean (SEM).  
 
2.3.9 Quantitative RT-PCR 
Quantitative RT-PCR (qRT-PCR) using SYBR green (Invitrogen) was performed as described 
previously (Svingen et al., 2009a), using nephrogenic zone samples from which the UB had been 
removed (n=5). Samples were normalized to the endogenous housekeeping gene Gapdh. Gene 
expression levels were analysed using unpaired two-tailed Student t-tests (PRISM version 5.0 
software; GraphPad). The SYBR green primers used in this study are described in Supplemental 
Table S2.1. 
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2.4 Results 
 
2.4.1 Robo2 is expressed in the nephrogenic cord and SIX2-positive metanephric mesenchyme.  
Previous studies have detected expression of Robo2 in the mesenchyme adjacent to the WD at 10.5 
dpc (Grieshammer et al., 2004). Later in kidney development, Robo2 is detected in the cap 
mesenchyme surrounding ureteric tree tips and in the proximal end of S-shaped bodies (Piper et al., 
2000). To define the primary defect from loss-of-function of Robo2, we first sought to clarify the 
cellular-localisation of ROBO2 in the early urogenital ridge using antibody markers. 
 
ROBO2 expression was analysed at 26 somites (9.6 dpc) and 29 somites (9.8 dpc) to determine 
where ROBO2-positive cells localise during mesonephric and metanephric specification. Confocal 
Z-stacks shown with representative sections identified that ROBO2 is expressed in the nephrogenic 
cord (Fig. 2.1A). At 10.5 dpc, immunofluorescence for ROBO2 in the metanephros detected 
expression restricted to SIX2-expressing cells and in a subset of WT1 expressing cells (Fig. 2.1B). 
At this stage, WT1 marks a wider range of cell lineages in the urogenital ridge, including the 
coelomic epithelium, MM and gonadal somatic cells. At 11.5 dpc, ROBO2 was detected in the 
SIX2-positive MM population of cells surrounding the UB (Fig. 2.1C). 
 
The kidney phenotype of Slit2-null mice phenocopies Robo2-null mice (Grieshammer et al., 2004) 
and as a consequence, it is likely that SLIT2 is the predominant SLIT ligand for ROBO2 in this 
biological context. In situ hybridization (ISH) detected expression of Slit2 in the WD, consistent 
with published data (Grieshammer et al., 2004) (Fig. 2.1D-F). At 9.5 dpc, Slit2 was not detected by 
whole mount ISH in the WD (data not shown) and was only detected as being very weakly 
expressed in the WD by section ISH (Fig. 2.1D). However, Slit2 was detected as being strongly 
expressed in the notochord, suggesting that this source could also signal to ROBO2. Indeed, 
signalling from the notochord has previously been shown to be required for early patterning of the 
urogenital ridge (Tripathi et al., 2010). At 10.5 dpc-11.5 dpc, Slit2 expression was detected in the 
WD, the cranial and caudal mesonephric tubules, and in the ureteric tree of the emerging ureteric 
bud (Fig. 2.1E, F).  
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Figure 2.1 ROBO2 is expressed in the nephrogenic cord and SIX2 cells.  
(A) Whole mount immunofluorescence for ROBO2 (red), and E-cadherin (green) on dissected urogenital ridges at 26 
somites (s) and 29s detected expression of ROBO2 in the nephrogenic cord (NC) adjacent to the epithelial WD. 
Regions with representative optical sections are indicated (i-iv). (B) Transverse section immunofluorescence for 
ROBO2 (red), SIX2 (green) and WT1 (green) at 10.5 dpc, indicates that ROBO2 is expressed in SIX2+ cells. Cell 
nuclei are indicated by DAPI staining (blue). Dotted line indicates WD. (C) Transverse section immunofluorescence for 
ROBO2 (red) and SIX2 (green) at 11.5 dpc indicates that ROBO2 is expressed in SIX2+ cells. Cell nuclei are indicated 
by DAPI staining (blue). (D) Transverse section in situ hybridisation for Slit2 at 9.5 dpc detected expression in the 
notochord (N) and weak expression in the WDs. (E-F) Whole mount in situ hybridisation for Slit2 at 10.5 dpc (E) and 
11.5 dpc (F) detected expression in the WD, UB, cranial mesonephric tubules (MTcn) and caudal mesonephric tubules 
(MTcd). Scale bars represent 100 µm. 
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2.4.2 The MM is expanded and fails to partition from the WD at 11.5 dpc 
It was previously reported that the MM at 11.0-11.5 dpc was not expanded in Robo2-null mice, yet 
the expression of Gdnf was expanded anteriorly (Grieshammer et al., 2004). However, the presence 
of MM was examined by the expression of marker genes by in situ hybridisation and thus we 
wanted to re-address this issue using higher-resolution antibody markers including SIX2, PAX2 and 
for the MM, and E-cadherin and PAX2 for the WD and UB. 
 
The relationship between the MM and WD was examined at 11.5 dpc by whole mount 
immunofluorescence for SIX2 and E-cadherin, revealing that the domain of SIX2-positive cells was 
clearly expanded in Robo2-null embryos compared to wild-type controls (Fig. 2.2A). This finding 
was surprising given that a previous analysis did not detect expansion of MM markers and therefore 
we re-addressed whether the MM-marker PAX2 was expanded (Grieshammer et al., 2004). 
Analysis of serial sections through the most anterior ectopic UB indicated that SIX2 and PAX2 are 
likely expressed in the same cells, suggesting that both SIX2 and PAX2 cell domains are expanded 
(Fig. 2.2B). 
 
To determine if the levels of Gdnf per cell or the expression of other regulators of the MM were 
perturbed, the nephrogenic zone—MM and stroma—was manually dissected from urogenital ridges 
at 11.5 dpc. Quantitative RT-PCR of the nephrogenic zone identified that there was no significant 
change in the expression levels of Gdnf, Six2, Pax2, Osr1, Eya1 and Wt1 in the MM, suggesting 
that at a cellular level, the MM transcriptional hierarchy is normal (Fig. 2.2C). Moreover, these data 
suggest that Gdnf expansion is not a consequence of an increase in the level of Gdnf transcript per 
cell, supporting expansion in the cellular domain of SIX2/PAX2 as the cause of Gdnf expansion. 
 
2.4.3 Ectopic UBs induced by exogenous GDNF do not upregulate SIX2 
Since SIX2 is a direct transcriptional activator of Gdnf expression (Brodbeck et al., 2004; Gong et 
al., 2007), our observation that the SIX2 expression domain was expanded suggests that an increase 
in the MM is the underlying cause of expansion of Gdnf expression in Robo2-null embryos. 
However, to preclude the possibility that GDNF-induced ectopic UBs can up-regulate SIX2-
associated cells, 11.5 dpc urogenital ridges were cultured with 400 ng/mL of GDNF for 48 hrs. 
Ectopic WD budding stimulated by exogenous GDNF did not induce an associated SIX2-positive 
mesenchyme (Fig. 2.2D), confirming that an increase in the domain of SIX2 cells precedes 
expansion of Gdnf. 
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Figure 2.2 The MM is expanded upstream of Gdnf in Robo2-null embryos at 11.5 dpc.  
(A) Whole mount immunofluorescence for SIX2 (red), marking the metanephric mesenchyme and E-cadherin (green), 
marking the Wolffian duct (WD), ureteric bud (UB), ectopic UBs (eUB) and mesonephric tubules (MT), indicates that 
the MM was expanded and failed to separate from the WD. n=3 (B) Section immunofluorescence for PAX2 (red), 
marking the MM and WD and SIX2 (red) marking the MM on adjacent serial sections indicates that SIX2 and PAX2 
are likely to be co-expressed in the same cells. Cell nuclei are indicated by DAPI staining (blue). Dotted line indicates 
WD and eUB  (C) Quantitative RT-PCR did not detect any significant changes in the expression of the MM markers, 
Gdnf, Six2, Eya1, Pax2, Osr1 and Wt1 in Robo2-null nephrogenic zone, relative to wild-type. Error bars represent SEM, 
n=5. Unpaired two-tailed Student’s T-test was used to assess statistical significance, n.s. not significant. (D) Whole 
mount immunofluorescence for SIX2 (red), marking the cap mesenchyme and E-cadherin (green), marking the WD and 
ureteric tree indicates that eUBs do not have adjacent SIX2 mesenchyme from culturing urogenital ridges with 400 
ng/mL GDNF. Arrows indicate WD with/without eUBs. Data represents three individual cultures per experiment, from 
two experiments performed on independent days. Scale bars represent 100 µm. 
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2.4.4 Expansion of the metanephric field perturbs the mesonephric field 
With the observed anterior expansion of the metanephros, we next examined the consequences that 
this had on the patterning of the mesonephros at 13.5 dpc. Visualisation of the Müllerian duct, WD 
and mesonephric tubules with PAX2 and E-cadherin antibodies detected ectopic ureteric buds 
extending into the mesonephric field in Robo2-null embryos rather than just the anterior 
metanephric field (Fig. 2.3A) as previously described (Grieshammer et al., 2004). These ectopic 
ureteric buds phenotypically resembled developing kidneys, displaying branching and PAX2-
associated mesenchyme. Ectopic PAX2-positive mesenchyme in the mesonephric domain at 13.5 
dpc supports our earlier finding that the SIX2/PAX2 metanephric field is expanded in Robo2-null 
embryos. 
 
In addition, while mesonephric tubules were restricted to the anterior portion of the mesonephros in 
wild-type mice, they appeared expanded in Robo2-null mice (Fig. 2.3A).  Quantification of the 
number of mesonephric tubules showed that the number of cranial tubules was unchanged, 
however, there was a significant increase in the number of caudal mesonephric tubules (Fig. 2.3B). 
 
2.4.5 The number of SIX2-positive cells is expanded in Robo2-null mice 
The nephrogenic cord gives rise to the caudal mesonephric tubules and the MM, suggesting a 
possible early expansion in this cell population. Therefore, the nephrogenic cord domain was 
investigated at 10.5 dpc, prior to invasion of the UB/s.  
 
First, the distribution of the SIX2-positive cell domain was examined at 10.5 dpc by measuring the 
diameter of the field of cells from flattened images of confocal z-stacks imaged in a lateral-medial 
Z-axis direction (Fig. 2.3C). While the diameter of the field of cells was unchanged at the most 
posterior level of the metanephric field, at a more anterior level, there was a significantly wider 
diameter of the field of cells in Robo2-null embryos compared to wild-type, suggesting that the 
distribution or number of cells was disrupted (Fig. 2.3D). Second, the relative number of cells was 
quantified and identified an ~30% increase in the number of SIX2 cells in Robo2-null urogenital 
ridges compared to wild-type (Fig. 2.3E). Therefore, the number of SIX2 cells is expanded in 
Robo2-null embryos prior to UB outgrowth. 
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Figure 2.3 More SIX2-expressing cells are present in Robo2-null urogenital ridges.  
(A) Whole mount immunofluorescence for PAX2 (red), marking the WD, Müllerian duct, and mesonephric tubules and 
E-cadherin (green), marking the WD and mesonephric tubules, indicates that caudal mesonephric tubules are expanded 
in Robo2-null embryos, compared to wild-type. Open arrowhead indicates posterior limit of mesonephric tubules and 
closed arrowhead indicates eUB with PAX2 condensed mesenchyme. Scale bars represent 100 µm (B) Quantification 
of number (N.) of mesonephric tubules detected that there was no change in the number of cranial (Cr) tubules, but 
there was a significant increase in caudal (Cd) tubules. (C) A schematic illustrating the levels at which the diameter of 
SIX2 field of cells was measured. (D) Quantification of the diameter of the field of SIX2 cells indicates that at posterior 
levels, i-iii or 50 -150 µm vertical to the most posterior position of SIX2 cells, there is no significant difference between 
Robo2-null and wild-type. Whereas at more anterior levels, iv-vi or 450-550 µm vertical to the most posterior position 
of SIX2 cells, there was a significant increase in the width of the field of cells. n=6-8 (E) Whole mount 
immunofluorescence for SIX2 suggests an increase in the number of SIX2 cells at 10.5 dpc.  (D) Quantification of 
relative number of SIX2 cells indicates a significant increase in SIX2 cells in Robo2-null mice, relative to wild-type. 
n=6-8. In all analyses, an unpaired two-tailed Student’s T-test was used to assess statistical significance. *p<0.05, 
**p<0.01 Error bars represent SEM. Scale bars represent 100 µm. 
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2.4.6 SIX2-positive cells have an increased rate of proliferation in Robo2-null mice 
Since more SIX2 cells were identified at 10.5 dpc, we hypothesised there was a change in the rate 
of proliferation of SIX2 cells. BrdU labelling detected that over a 210 µm interval anterior to the 
presumptive position of the UB, significantly more SIX2 cells were in S-phase of the cell cycle in 
Robo2-null embryos, compared to wild-type (Fig. 2.4A and B). Thus, the increase in nephrogenic 
cord cells at 10.5 dpc likely results from an increase in proliferation. 
 
2.4.7 Increased rate of proliferation of Robo2-null MM is dependent on the WD 
ROBO-SLIT signalling has been previously shown to directly modulate the proliferation of cells in 
mouse, with loss of Robo1/2 resulting in over-proliferation of central nervous system progenitors 
via activation of the NOTCH signalling pathway (Borrell V 2012). To investigate whether active 
ROBO2-SLIT2 signalling has a direct effect on cell proliferation of nephron progenitor cells, 11.5 
dpc wild-type MM was mechanically separated from the WD to remove the Slit2 source and 
subsequently, the nephrogenic zone -MM and stroma- was cultured in media conditioned with or 
without SLIT2 (Fig. 2.4C) (De Bellard et al., 2003). Culturing the nephrogenic zone for 24 hours 
with SLIT2 did not significantly change the incorporation of EdU in SIX2 cells, suggesting that 
SLIT2 via ROBO2 receptor is not a direct mitosis-inhibiting signal (Fig. 2.4D and E).  
 
To control for a possible SLIT2-independent effect on proliferation and redundancy with any 
unknown ROBO2 ligand/s that may have been secreted by the nephrogenic zone, we assessed the 
relative rate of proliferation of Robo2-null and Robo2-heterozygous MM, ex vivo. There was no 
significant difference in the rate of EdU incorporation in the nephrogenic zone culture between 
Robo2-null and Robo2-heterozygous littermates (Fig. 2.4F and G), suggesting that loss-of-function 
of Robo2 does not cell-autonomously regulate proliferation.  
 
2.4.8 SIX2-positive cells fail to separate from the WD in Robo2-null mice 
Our findings that: (1) in vivo, loss-of-function of Robo2 resulted in expansion in the number of 
SIX2-cells from an increase in cell proliferation; and (2) ex vivo, ROBO2-SLIT2 signalling did not 
cell-autonomously restrict the rate of proliferation of SIX2-positive cells, suggested that the 
increased rate of proliferation of SIX2 cells in Robo2-null mice is likely dependent on the presence 
of the WD. Therefore we re-examined the relationship between SIX2 cells and the WD in Robo2-
null embryos. On closer inspection of wholemount immunofluorescence for SIX2 and E-cadherin at 
11.5 dpc, it struck us that SIX2 cells were not only expanded, but also localised closer to the WD in 
Robo2-null embryos (Fig. 2.2A). While the MM exclusively associated with the tip domain of the  
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Figure 2.4 ROBO2-SLIT2 signalling is not a direct mitosis-inhibiting signal ex vivo.  
(A) Quantification of the percentage of BrdU-positive SIX2 cells indicates that a significantly higher percentage of 
BrdU/SIX2 cells are present in Robo2-null mice, compared to wild-type. n=3. An unpaired two-tailed Student’s T-test 
was used to assess statistical significance. (B) Transverse section immunofluorescence for SIX2 (green) and BrdU 
(red), suggested that more SIX2 cells were BrdU positive in Robo2-null mice compared to wild-type. Cell nuclei are 
indicated by DAPI staining (blue). Dotted line indicates WD. (C) Western blot for a c-terminal myc tag of SLIT2 
Human Embryonic Kidney (HEK) control (C) conditioned media and HEK-SLIT2 conditioned media identified that 
cleaved SLIT2 was secreted into the media. (D) Immunofluorescence for SIX2 (green) and EdU (red) indicates dividing 
cells in nephrogenic cell zone culture with or without SIX2.  Cell nuclei are indicated by DAPI staining (blue). (E) 
Quantification of the percentage of EdU/SIX2 positive cells did not identify a significant difference in the rate of 
proliferation of nephrogenic zone culture with or without SLIT2. Each point represents an individual cap culture, from 
experiments performed on three independent days. (F) Immunofluorescence for SIX2 (green) and EdU (red) indicates 
dividing cells in Robo2-heterozygous or Robo2-null nephrogenic cell zone culture.  Cell nuclei are indicated by DAPI 
staining (blue). (G) Quantification of the percentage of EdU/SIX2 positive cells did not identify a significant difference 
in the rate of proliferation of nephrogenic zone culture between Robo2-heterozygous and Robo2-null samples. Each 
point represents an individual genetically independent nephrogenic zone culture, from experiments performed on two 
independent days. An unpaired two-tailed Student’s T-test was used to assess statistical significance. Scale bars 
represent 100 µm. 
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UB in wild-type mice, the MM enveloped sections of the ureteric stalks and WD in Robo2-null 
embryos (Fig. 2.2A).  
 
Since the MM failed to partition from the WD, we examined if the other mesenchymal lineages of 
the kidney were specified or mis-localised. Marker analysis examining PAX2 and WT1, with 
double-positive cells representing the MM, further confirmed a direct association of some MM cells 
with the WD (Fig. 2.5A). Foxd1 marks the kidney stroma, a cell population that is required to 
promote the differentiation of nephron progenitor cells (Das et al., 2013). In both Robo2-null and 
wild-type embryos, Foxd1 localised around the periphery of condensed mesenchyme surround the 
UB/s (Fig. 5B). Tbx18 is expressed in the ureteric mesenchyme, a domain of mesenchyme 
separating the MM and WD at 11.5 dpc (Bohnenpoll et al., 2013). Section ISH for Tbx18 identified 
that Tbx18 expressing cells were localised in a more lateral position in Robo2-null embryos rather 
than localised between the developing UB tip/metanephric mesenchyme and the WD in wild-type 
embryos (Fig. 2.5C). Thus, the kidney mesenchymal lineages are still specified but the 
mesenchymal domains are disordered in Robo2-null embryos.  
 
A GREM1/BMP4 negative-feedback loop in the ureteric mesenchyme provides a permissive signal 
for the UB to invade the posterior MM (Michos et al., 2007). With mis-localisation of the ureteric 
mesenchyme, we examined p-SMAD1/5/8 activation at 11.5 dpc to assess whether GREM1/BMP4 
signalling was perturbed. Similar levels of p-SMAD1/5/8 staining were detected in the nuclei of 
non-WT1-positive mesenchymal cells (strong staining) and in condensed MM (weak staining) in 
Robo2-null and wild-type embryos, consistent with the published expression pattern (Michos et al., 
2007) (Fig. 2.5D). Therefore, despite the disordered cell domains, MM and stromal cells appear to 
be receiving the correct BMP signal, suggesting that changes to BMP signalling does not contribute 
to ectopic UB induction in Robo2-null embryos. 
 
ROBO-SLIT signalling has been shown to modulate cell adhesion in a number of cellular contexts 
(Domyan et al., 2013; Rhee et al., 2007). Immunofluorescence for a key regulator of MM adhesion, 
Integrinα8 (Linton et al., 2007), did not detect any change in the levels of expression or localisation 
in Robo2-null MM compared to wild-type, suggesting that if cell adhesion is altered it is not due to 
changes in Integrinα8 (Fig. 2.5E). In addition, activation of the ROBO receptor has been 
demonstrated to impinge on cadherin-mediated adhesion and β-catenin signalling (Macias et al., 
2011; Rhee et al., 2007). Immunofluorescence for β-catenin did not detect any change in the levels  
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Figure 2.5 The kidney mesenchymal cell lineages are specified but mis-localised in Robo2-null embryos at 11.5 
dpc.  
(A) Transverse section immunofluorescence for PAX2 (red), marking the MM and WD, and WT1 (green), marking the 
MM, coelomic epithelium and ureteric mesenchyme indicates that the mesenchymal domains are mis-localised in 
Robo2-null embryos, compared to wild-type. Cell nuclei are indicated by DAPI staining (blue). (B) In situ hybridisation 
for Foxd1 (purple), staining stromal cells, indicates that stromal cells are present in Robo2-null mice and are localise 
around UB/MM. Arrows indicate expression and dotted lines indicate WD and UB/s. (C) Transverse section in situ 
hybridisation for Tbx18 (purple), marking ureteric mesenchyme, indicates that ureteric mesenchyme is present in 
Robo2-null mice and is more predominantly localised lateral to the UB rather than between the UB and the WD, 
compared to wild-type. (D) pSMAD-1/5/8 activation is unchanged in Robo2-null MM at 11.5 dpc. WT1-postive cells 
condensed around UB outgrowths (yellow arrows) have low levels of pSMAD-1/5/8 staining, similar to wild-type. 
More laterally localised WT1-negative mesenchymal cells (white arrows) show equivalent strong pSMAD-1/5/8 
nuclear staining to those in wild-type. Scale bars represent 100mm. (E) Immunofluorescence for Integrinα8 (green) and 
SIX2 (red), marking the MM, indicates that the localisation and expression of Integrinα8 is unchanged in Robo2-null 
MM at 11.5 dpc, compared to wild-type. (F) Immunofluorescence for β-catenin (green and grey) and SIX2 (red), 
marking the MM, indicates that the localisation and expression of β-catenin is unchanged in Robo2-null MM at 11.5 
dpc, compared to wild-type. (G) Wnt4 expression is unchanged in Robo2-null embryos at 14.5 dpc. In situ hybridisation 
for Wnt4 (purple) detected a similar intensity of Wnt4 in Robo2-null kidneys relative to wild-type. All images represent 
n=3. Scale bars represent 100 µm (H) Quantitative RT-PCR did not detect any significant change in the expression of 
the WNT target gene, Axin2 in Robo2-null nephrogenic zone, relative to wild-type. Error bars represent SEM, n=5. 
Unpaired two-tailed Student’s T-test was used to assess statistical significance, n.s. not significant. 
 
of expression or localisation of β-catenin (Fig. 2.5F). Investigation of the WNT target gene, Wnt4 
(Park et al., 2007), in the cap mesenchyme in Robo2-null kidneys did not detect any notable 
changes in expression, suggesting that β-catenin signalling in Robo2-null cap mesenchyme was 
unchanged (Fig. 2.5G). Furthermore, quantitative RT-PCR for the direct WNT target gene Axin2 
did not detect a significant difference between Robo2-null and wild type dissected MM and stroma 
at 11.5 dpc (Fig. 5H). Therefore, changes to β-catenin signalling are unlikely to contribute to the 
Robo2-null MM phenotype. Hence, SIX2 cells are mis-localised in Robo2-null embryos compared 
to wild-type, without detriment to the specification of the other mesenchymal lineages or changes to 
the expression of known adhesion molecules in the MM. 
 
2.4.9 SIX2-positive cells are mis-localised in Robo2-null mice  
We next examined if mis-localisation of SIX2 cells could be responsible for ectopic UB induction 
in Robo2-null embryos by examining the position of the nephrogenic cord at 10.5 dpc, prior to UB 
invasion. Strikingly, when the position of SIX2 cells relative to the WD was assessed at 10.5 dpc in 
an equivalent position relative to the hind limb, SIX2 cells were localised closer to the WD in 
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Robo2-null mice (Fig. 2.6A). The distance between the WD and NC was measured on transverse 
sections over a 210 µm interval in the anterior metanephros and found that Robo2-null nephrogenic 
cord cells were localised significantly closer to the WD than wild-type (Fig. 2.6B). This reduction 
in the distance between the WD and NC was also evident in whole mount immunofluorescence for 
SIX2 and E-cadherin (Fig. 2.6C). Thus, SIX2-positive cells are already in closer association with 
the WD prior to observable UB outgrowths Robo2-null embryos, suggesting that failure to separate 
from the WD underlies ectopic UB induction. 
 
Subsequently, we investigated if mis-localisation of SIX2-positive cells continued during kidney 
morphogenesis. At 13.5 dpc, cap mesenchyme localises to distinct niche domains in the kidney 
periphery around bifurcating tips of the ureteric tree. Whole mount immunofluorescence for SIX2, 
marking the cap mesenchyme, and E-cadherin, marking the ureteric tree and nephrons, indicated 
that cap mesenchyme was localised to the interior of the kidney in Robo2-null embryos, compared 
to wild-type (Fig. 2.6D). Where SIX2 cells were localised in the interior of the kidney, ectopic 
branch points in the ureteric tree were present. Since multiple ureteric trees developed directly next 
to each other, it was possible that this mis-localisation might be due to secondary interactions 
between neighbouring trees. Therefore, another mouse model of duplex kidney was examined, 
Wnt5a-null mice (Nishita et al., 2014). Despite two ureteric trees growing directly next to each 
other, SIX2-positive cap mesenchyme was still localised to the periphery of ureteric tips in Wnt5a-
null kidneys (Fig. 2.6D), suggesting that mis-localisation of SIX2 cells is not a hallmark of ectopic 
UBs, rather that it is associated with loss of ROBO2 signalling in SIX2 cells. Therefore, these data 
suggest that SLIT2 signalling from the epithelial kidney compartments to ROBO2-expressing SIX2 
cells regulates the localisation of nephron progenitors at multiple stages of kidney development.  
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Figure 2.6 SIX2 cells are mis-localised at multiple stages of kidney development in Robo2-null embryos at 10.5 
dpc.  
(A) Transverse section immunofluorescence for SIX2 (green) indicates that the SIX2 field of cells is localised closer to 
the WD than wild-type. Width of the hind limb is equivalent as indicated by bar. Cell nuclei are indicated by DAPI 
staining (blue). WD is circled by dotted line. (B) Quantification of the average (Av) shortest distance between WD and 
SIX2 nuclei in the anterior metanephros over a 210 µm interval (every second 7 µm section) identified a significant 
decrease in the distance between the WD and SIX2 cells in Robo2-null mice, compared to wild-type. An unpaired two-
tailed Student’s T-test was used to assess statistical significance. n=4. ***p<0.001. Error bars represent SEM. (C) A 
rendered view of whole mount immunofluorescence for SIX2 marking the nephrogenic cord (NC) (red) and E-cadherin 
(green) marking the WD and urogenital sinus (UGS) indicates that SIX2 is closer to the WD than wild-type. Masked 
fluorescent signal is also shown. Scale bars represent 100 µm. (A) Whole mount immunofluorescence for SIX2 (red), 
marking the cap mesenchyme and E-cadherin (green), marking the ureteric tree and nascent nephrons, indicates that 
SIX2 cells are localised in the interior of the ureteric tree compared to wild-type and Wnt5a-null mice. Scale bars 
represent 100 µm. 
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2.5 Discussion 
 
Previous studies have shown that Robo2 is required to restrict kidney induction in mouse and 
human by limiting the expression of Gdnf (Grieshammer et al., 2004; Lu et al., 2007b). In this study 
we have identified that underlying the extension in the domain of Gdnf expression, the nephrogenic 
cord is expanded in Robo2-null mice, leading to an expansion of the metanephric mesenchyme and 
an increase in the number of caudal mesonephric tubules. Moreover, SIX2 expressing cells have a 
higher rate of proliferation in Robo2-null mice, relative to wild-type, with ex vivo experiments 
suggesting that this is secondary to signals from the WD. In addition, the nephrogenic cord failed to 
correctly partition from the WD during kidney induction suggesting that SLIT2-ROBO2 signalling 
prevents inappropriate UB induction by regulating the localisation of nephron progenitors. 
 
2.5.1 Robo2 and cell proliferation 
It has been previously shown that Robo1/2 signalling in the central nervous system activates the 
Notch effector Hes1 to regulate mitosis (Borrell et al., 2012). Moreover, a minor increase in the rate 
of cell proliferation was previously reported in the dorsal mesentery and foregut of Robo1/2-null 
mice, although a failure of cell migration was shown to be the primary defect (Domyan et al., 
2013).  Our experiments ex vivo suggested that an increase in proliferation was not the primary 
defect in Robo2-null mice. However, the nephrogenic zone is problematic to culture as the survival 
of the MM/cap mesenchyme is dependent on the presence of a ureteric tip (Barak et al., 2012). 
Nevertheless, within the limitations of this culture system we have no evidence to suggest that 
ROBO2-SLIT2 signalling is a direct mitosis-inhibiting signal. We propose that the increase in the 
rate of proliferation detected in vivo is dependent on the proximity of SIX2-positive cells to the WD 
and is possibly the result of exposure to signals that the nephrogenic cord would normally be 
shielded from by the ureteric mesenchyme.   
 
2.5.2 The possible function of Robo2 in regulating nephron progenitor migration  
ROBO-SLIT signalling has been shown to coordinate rearrangements of the actin networks that 
form the cytoskeleton. Rac GTPases (RAC) are integral regulators of cytoskeletal structure and 
control the formation of protrusive structures termed lamellipodia (reviwed by Heasman and 
Ridley, 2008). ROBO-SLIT signalling regulates the temporal activation of RAC and therefore 
influences migration via cytoskeletal remodeling (Fan et al., 2003; Lundstrom et al., 2004). 
 
Given the large number of examples of ROBO/SLIT signalling regulating cell migration in vivo 
(Domyan et al., 2013; Fan et al., 2003; Lundstrom et al., 2004; Park et al., 2003) together with our 
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findings that ROBO2-expressing SIX2 cells are mis-localised, it is tempting to hypothesise that 
Robo2 is required for the repulsion of nephron progenitors away from the WD. To date, no studies 
have addressed the cellular dynamics of nephrogenic cord and cap mesenchyme movement. 
However, we present several lines of evidence that the primary defect in Robo2-null mice is likely 
the result of mis-localisation since: (1) the primary signalling defect is in SIX2 cells; (2) SIX2 cells 
are mis-localised close to the SLIT2 source prior to UB invasion; (3) the other mesenchymal 
lineages of the kidney-the ureteric mesenchyme and stroma- are still specified and; (4) the increase 
in proliferation of SIX2 cells is likely secondary to the presence of the WD. Further studies 
involving live imaging experiments would be helpful in testing this hypothesis.  
 
In regards to the movement of ureteric epithelial cells, GDNF can induce chemoattractive migration 
of enteric neurons and a kidney epithelial cell line in vitro (Tang et al., 1998; Young et al., 2001). 
Chimeric studies looking at the behaviour of RET positive and negative WD cells have suggested 
that prior to UB induction when a large domain of Gdnf is present, movement of WD cells is 
predominantly perpendicular to a Gdnf source, arguing against a straight forward chemoattractant 
model (Chi et al., 2009). However, once UB outgrowth commences it is possible that GDNF-RET 
signalling is a chemotaxic signal that drives UB outgrowth and subsequent branching 
morphogenesis (Chi et al., 2009; Sainio et al., 1997b).  Perhaps UB invasion is regulated by a 
balance between two opposing forces: SLIT2-ROBO2 repulsive signalling driving the migration of 
the MM away and GDNF-RET signalling attracting the UB towards the MM. 
 
2.5.3 The role of the ureteric mesenchyme in UB induction 
The ureteric mesenchyme has been shown to be important for the differentiation of smooth muscle 
cells of the ureter (Airik et al., 2006) and to create a permissive domain for UB outgrowth via 
GREM1/BMP4 antagonism (Michos et al., 2007). The ureteric mesenchyme becomes 
“sandwiched” between the WD and NC between 9.5 dpc- 10.5 dpc, and by 11.5 dpc, the ureteric 
mesenchyme has expanded to form a thick barrier between the WD and MM. The issues of whether 
and how the ureteric mesenchyme migrates to the WD, and whether the opposing movement of the 
nephrogenic cord is active migration or if the cells are simply being pushed away, are unclear. Our 
data suggests that the SIX2 cell lineage needs to actively separate from the WD for the ureteric 
mesenchyme to wedge between the WD and NC. Moreover, the strict association of the MM with 
ureteric tip/s during UB outgrowth and then later during branching morphogenesis suggests that 
attractive and/or repulsive cues guide the position and movement of SIX2 cells. Diphtheria toxin 
ablation experiments of the ureteric mesenchyme cell lineage and much improved live-imaging 
approaches are required to define the early morphogenic events in UB induction, and the extent to 
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which the ureteric mesenchyme provides a molecular and physical barrier that prevents 
inappropriate interactions between the WD and MM.  
 
2.5.4 Intersection of Robo2 and other kidney induction pathways  
Recently, SIX2 and SALL1 were identified as direct transcriptional activators of Robo2 (Kanda et 
al., 2014), supporting our finding that ROBO2 is expressed in SIX2 nephron progenitors. While we 
did not observe any changes in the level of SIX2 expression in Robo2-null mice, we found that 
there was increase in the number of SIX2 cells, explaining why previous studies identified an 
expansion in the direct transcriptional target of SIX2, Gdnf (Grieshammer et al., 2004). 
 
Foxc1-null embryos have ectopic caudal mesonephric tubules and ureteric buds, with an anterior 
enlargement in the expression domain Gdnf and MM marker Eya1 (Kume et al., 2000; Mattiske et 
al., 2006). Furthermore, Foxc1; Foxc2 double-null embryos display a more severe phenotype, 
where the paraxial mesoderm is re-specified to form intermediate mesoderm, resulting in embryos 
that do not form somites and an expansion of IM-derived WD and nephrogenic cord structures 
(Wilm et al., 2004). The similarity of the ectopic UB phenotype between loss of Foxc1 and 
Robo2/Slit2 prompted a previous study to investigate whether these two pathways are functionally 
linked (Grieshammer et al., 2004). However, examination of Foxc1 expression in Slit2-null 
embryos and Slit2 expression in Foxc1-null embryos did not identify any genetic interaction 
between the two pathways (Grieshammer et al., 2004). In light of our findings that the nephrogenic 
cord was expanded in Robo2-null mice, we readdressed whether Foxc1 and Robo2/Slit2 were 
functionally linked. Supporting these earlier observations we found that there was no change in 
ROBO2 expression in the MM at 10.5 dpc in Foxc1-null mice (data not shown, samples kindly 
provided by T. Kume), suggesting that ROBO2 expression is not downstream of Foxc1. In addition, 
we detected no change in expression of Hey2, a direct transcriptional target of FOXC1 (Hayashi 
and Kume, 2008), in Robo2-null MM at 10.5 dpc (data not shown), suggesting that FOXC1 
signalling is not perturbed in Robo2-null mice. Thus, there is no evidence to support a direct link 
between FOXC1 and ROBO2/SLIT2 pathways and we propose that a different mechanism 
underlies the expansion of IM-derivatives in Foxc1-null and Robo2-null mice. Our data support a 
model in which the increase in proliferation of Robo2-null nephrogenic cord is not a direct 
consequence of ROBO2/SLIT2 signalling, rather, it is dependent on the proximity of the NC to the 
WD or from signalling emanating from the WD. Furthermore, loss of Foxc1 acts much earlier in 
urogenital ridge patterning to regulate the decision between paraxial and intermediate mesoderm 
specification.  
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The phenotype of failure of demarcation between the WD and MM has been described previously 
in Wnt5a-null mice, which also develop supernumerary UBs (Hoshi et al., 2012; Nishita et al., 
2014). In Wnt5a-null mice, dysregulation of the position of the MM was suggested to account for 
the duplex kidney/ureter. However, Wnt5a and Robo2 are unlikely to interact since the Wnt5a-null 
ectopic budding phenotype is not as severe as that observed in Robo2-null mice, ROBO2 expression 
is unchanged in the nephrogenic cord of Wnt5a-null mice (data not shown) and our analysis of 13.5 
dpc Wnt5a-null kidneys did not identify any sustained defects in the position of SIX2 cells (Fig. 
2A) (Nishita et al., 2014). 
 
2.5.5 The possible function of Robo2 in regulating branching morphogenesis 
Interestingly, Robo2 expression is maintained in the kidney during branching morphogenesis with 
Robo2 expressed in the cap mesenchyme at 13.5 dpc and Slit2 expressed in the tip domains of the 
branching ureteric tree (Piper et al., 2000). A regulatory loop between GDNF/RET/WNT11 
stimulates the ureteric tips to proliferate and grow towards the cap mesenchyme (Majumdar et al., 
2003). Perhaps ROBO2-SLIT2 might contribute an opposing force, regulating the repulsion of the 
cap mesenchyme away from the ureteric tips to drive the outgrowth of the kidney. Examination of 
13.5 dpc Robo2-null kidneys identified that SIX2 cells were localised to the interior of the kidney, 
supporting a role for Robo2 in regulating the partitioning of the cap mesenchyme to the periphery. 
However, due to the ectopic UB phenotype and early mis-localisation of SIX2 cells in Robo2-null 
embryos, a conditional strategy where Robo2 is inactivated in the cap mesenchyme after UB 
induction is required to test this hypothesis further. 
 
Our data sheds light on the underlying cellular events leading to multiplex kidney formation with 
loss-of-function of Robo2 in mouse and human. While the transcriptional network in metanephric 
induction and survival has been well characterised, the cellular dynamics of SIX2 nephron 
progenitors within the SIX2 population and with other mesenchymal lineages of the kidney remains 
unclear. Further investigation of the cellular behaviour of SIX2 nephron progenitors will help to 
refine our view of kidney morphogenesis and elucidate novel events that may be perturbed in 
CAKUT.  
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2.6 Supplemental material  
 
Supplemental Table S2.1. Primers used for qRT-PCR. Primers are listed 5’-3’. 
SYBR green primers 
 Forward primer Reverse primer 
Osr1 TGCCTTCCAAGACCAAGAAG GGAAAGCTTTGTGGCAGATG 
Gdnf TGTCACTGACTTGGGTTTGG ACAGGAACCGCTGCAATATC 
Eya1 AACAGATGGCTTTCCTGCTG GACCTCCCACGTTGTTTTTG 
Pax2 ACTCCTGTCCCTGCCCCAT AAGCGACAGAACCCGACTATGT 
Axin2 GAGAGTGAGCGGCAGAGC CGGCTGACTCGTTCTCCT 
Six2 GGTGTGGGAGGGCGATAGATTC CAAAGGATACCGAGCAGACCATTG 
Wt1 AAGGATACAGCACGGTCACTTTCG TTGAAGGAATGGTTGGGGAACTG 
Gapdh ACA GTC CAT GCC ATC ACT GCC GCCTGCTTCACCACCTTCTTG 
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2.7 Additional data 
 
2.7.1 Loss of one allele of SIX2 does not alter the Robo2-null phenotype 
To investigate if expansion of SIX2 was driving the Robo2-null phenotype, we crossed Robo2-null 
mice to Six2-null mice (Kobayashi et al., 2008). Loss of one allele of Six2 in Robo2-null embryos 
did not significantly alter the Robo2-null phenotype with ectopic UBs and mis-localised SIX2 cells 
still evident (Sup. Fig. 2.1). In addition, the domain of MM was still extended, suggesting that loss 
of one allele of Six2 was not sufficient to rescue expansion of the MM. To date, no phenotype has 
been reported for Six2 heterozygous mice, suggesting that one allele of Six2 is sufficient for normal 
kidney development. Therefore, it is unclear whether there is any genetic interaction between Six2 
and Robo2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental Figure 2.1 Loss of one allele of Six2 does not change Robo2-null phenotype at 11.5 dpc 
Whole mount immunofluorescence for E-cadherin (green) and SIX2 (red) indicates that there is no difference between 
the phenotype in Robo2-null and Robo2-null; Six2-heterozygous embryos.  Scale bar, 100 µm. 
 
2.7.2 Conditional inactivation of Robo2-flox mice does not remove ROBO2 protein 
To examine the function of Robo2 in maintaining SIX2-postive cell localisation and kidney 
branching morphogenesis, a conditional deletion strategy was attempted which Robo2-flox mice 
(Lu et al., 2007b) were crossed with a tamoxifen-inducible cre-recombinase (cre) expressed in 
SIX2-positive cells, Six2GCE (Kobayashi et al., 2008). We first validated the specificity of the 
ROBO2 antibody to detect ROBO2 protein. Whole mount immunofluorescence for ROBO2 in 15.5 
dpc kidneys clearly detected expression in the cap mesenchyme niches in wild-type mice, whereas 
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it was undetectable in Robo2-null mice, confirming the specificity the of ROBO2 antibody (Sup. 
Fig. 2.2A). Next, we tested a range of tamoxifen doses and treatment time courses in Robo2-
null/flox;Six2GCE mice. Even after a high tamoxifen dose of 6 mg (Sup. Fig. 2.2B), ROBO2 
protein was still detectable in the cap mesenchyme three or five days after induction, suggesting 
that the cre was not excising the floxed allele (Sup. Fig. 2.2B-C). In addition, ROBO2 was clearly 
expressed in the cre-expressing cells as marked by GFP (Sup. Fig. 2.2B).  
 
Complete induction of cre activity from Six2GCE mice has been previously shown to be sufficient 
with a single 2 mg dose of tamoxifen (Kobayashi et al., 2008). To investigate whether the cre was 
active, the Six2GCE mouse was crossed to transgenic mouse that expressed Td-tomato protein upon 
cre-mediated excision of a stop-floxed cassette at the Rosa locus (Madisen et al., 2010). The tomato 
reporter was robustly induced by 6 mg of tamoxifen in the cap mesenchyme between 10.5-13.5 dpc 
within 24 hours (Sup. Fig. 2D), suggesting that the tamoxifen dose was sufficient to induce cre-
mediated recombination. Therefore, future studies will be directed at sequencing the Robo2-flox 
mouse allele, to determine if any mutations have occurred at the loxP sites that would prohibit cre-
induced recombination of this allele.   
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Supplemental Figure 2.2 ROBO2 protein is still present in Robo2 null/flox;Six2GCE kidneys. 
(A) Whole mount immunofluorescence for ROBO2 (red) and E-cadherin (green) indicates that ROBO2 protein is not 
detected in Robo2-null kidneys, compared to wild-type. Images are captured with the same microscope settings. (B) 
Section immunofluorescence for ROBO2 (red) and GFP (green) indicates that ROBO2 protein is still detected in cre-
positive cells three days after 6 mg tamoxifen (TAM) induction in Robo2null/flox;Six2GCE kidneys. Nuclei are 
indicated by DAPI. (C) A confocal section through whole mount immunofluorescence-stained kidneys indicates that 
ROBO2 (red) is still expressed in the cap mesenchyme 5 days after TAM induction at equivalent levels between 
Robo2null/flox;Six2GCE, and Robo2null/flox;WT kidneys. (D) 6 mg tamoxifen treatment at 10.5 dpc, 11.5 dpc and 
13.5 dpc induced expression of the Td-Tomato (TOMATO) (red) transgene in the kidney cap-mesenchyme. Asterisk 
indicate Six2GCE negative littermate control. 
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3.1 Abstract 
 
Correct migration and remodeling of the Wolffian duct is essential for both upper and lower urinary 
tract development.  Birth defects involving the urinary system or congenital anomalies of the kidney 
and urinary tract (CAKUT) are among the most frequent organ malformations, occurring in 1 in 
500 births. Here we have investigated the consequences of failure of anterior-posterior extension of 
the embryonic trunk on upper and lower urinary tract differentiation in Wnt5a-null mice. In addition 
to a previously described duplex kidney phenotype, we report that approximately 50% of Wnt5a-
null mice develop a horseshoe kidney. Underlying horseshoe kidney formation, Wolffian duct 
migration and insertion into the cloaca were disrupted, with a direct connection between the two 
Wolffian duct tips or Wolffian duct looping. In addition, the relative position of the urogenital sinus 
in the genital tubercle bulge was more anterior, preventing septation of the cloaca into the 
urogenital sinus and rectum.  These defects were reminiscent of mice with perturbed retinoic acid 
signalling, which led us to test whether the Wolffian duct was exposed to abnormal levels of 
retinoic acid. Examination of the expression of the retinoic acid synthesizing enzyme Aldh1a2 and 
expression of the retinoic acid transcriptional LacZ reporter, RARE-LacZ, suggested that the 
Wolffian ducts are exposed to abnormally high levels of retinoic acid in Wnt5a-null mice. Therefore 
our data suggest that Wolffian duct migration defects in Wnt5a-null mice result from exposure to 
increased retinoic acid concentrations, likely secondary to the concomitant shortening of the body 
axis. 
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3.2 Introduction 
 
The development of the urogenital system hinges on the correct migration and patterning of the 
Wolffian ducts (WD). Under the control of PAX2/8 and BMP4 from the surface epithelium, a 
portion of the anterior intermediate mesoderm either side of the midline undergoes mesenchyme-to-
epithelial transition to form two WDs (Bouchard et al., 2002; Obara-Ishihara et al., 1999). Next, 
WD cells migrate caudally in a straight line, until the Wolffian duct tip fuses with the cloaca 
endoderm. Subsequently, the cloaca will become partitioned into the urogenital sinus and hindgut at 
around 13.5 dpc, resulting in separation of the urinary and digestive tracts, and differentiation of the 
urogenital sinus to the bladder and urethra (Kluth et al., 1995; Nievelstein et al., 1998). In addition, 
just anterior to the site of insertion, the WD interacts with the intermediate mesoderm-derived 
metanephric mesenchyme to induce the formation of the ureteric bud, which goes on to form the 
definitive kidney (reviewed by Little et al., 2010). 
 
Precise control of retinoic acid (RA) concentration is required for migration of the WD to the 
cloaca. Aldh1a2 (or Raldh2) encodes an enzyme that catalyses the dehydrogenation of 
retinaldehyde to RA (Zhao D 1996). In Aldh1a2-null mice, the Wolffian ducts fail to join the cloaca 
(Chia et al., 2011). On the other hand, loss-of-function of the RA catabolising cytochrome P450 
enzyme Cyp26a1, results in a horseshoe kidney phenotype, where the two kidney fields are fused, 
and the hindgut remains connected to the urogenital sinus (Abu-Abed et al., 2001). Furthermore, 
Cyp26a1-null mice were partially rescued by loss of one allele of Aldhla2, demonstrating that 
interplay between these two factors is critical in ensuring a fine balance of RA signalling 
(Niederreither et al., 2002). 
 
In two mouse models of anorectal malformation, the all-trans RA-treated mouse and the Dartsforth 
short tail mouse, Wnt5a expression is down-regulated in the mesenchyme surrounding the cloacal 
plate, suggesting that Wnt5a may function in cloacal development (Nakata et al., 2009). 
Furthermore, Wnt5a expression in the cloaca is downstream of Shh expression in the urethral 
epithelium (Perriton et al., 2002).  
 
Loss-of-function of Wnt5a in mouse results in a large range of developmental malformations 
(Yamaguchi et al., 1999). Wnt5a-null mice have defects in distal outgrowth of appendage structures 
including the limbs, genital tubercle, face and ears, and a reduction in the extension of the embryo 
anterior-posterior axis with a decrease in somite length and truncation of the tail bud (Yamaguchi et 
al., 1999). Wnt5a is required for proliferation of mesenchymal cells of the primitive streak at 8.5 
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dpc and in the progress zone of the limb at 12.5 dpc suggesting that Wnt5a plays a common role in 
body axis outgrowth via proliferation of progenitor populations (Yamaguchi et al., 1999).  
 
However, the function of Wnt5a during embryogenesis is more complex than a simple mitogenic 
signal, with a role for regulating the polarisation of epithelial cells within the plane of an epithelium 
or planar cell polarity (PCP). Wnt5a null mice show the characteristic PCP defect of mis-patterning 
of the stereociliary bundles of the sensory hairs in the cochlea and Wnt5a is required for the correct 
cellular distribution of the PCP proteins LTAP/VANGL2 (Qian et al., 2007). In addition, WNT5A 
regulates directed cell migration, with WNT5A acting as an attractive cue for the migration of 
mesenchymal cells in the developing mouse craniofacial palatal shelves via the ROR2 receptor (He 
et al., 2008). WNT5A also directs the migration of Human embryonic stem cell-derived 
cardiomyocytes in a chemotactic manner (Moyes et al., 2013) and is required as a permissive signal 
for migration of primordial germ cells to the gonad during development (Chawengsaksophak et al., 
2012; Laird et al., 2011). 
 
Loss of Wnt5a in mouse results in defects in the development of the gastrointestinal tract. All gut 
segments were present including the stomach, small intestine cecum and large intestine, however, 
the overall length of the gastrointestinal tract was severely reduced, in particular the small intestine 
(Cervantes et al., 2009). In addition, Wnt5a-null mice have been previously reported as being a 
model for anorectal malformation with development of a fistula between the urinary and intestinal 
tract, and a proportion of Wnt5a-null mice display a blind ending pouch instead of a fully developed 
colon (Tai et al., 2009). While a recto-urethral fistula phenotype in Wnt5a-null mice has been 
described from 15.5 days of development, there is no explanation as to why or how this phenotype 
arises (Tai et al., 2009). 
 
Recently, Wnt5a-null mice were reported to develop duplex kidneys from ectopic ureteric bud 
induction (Nishita et al., 2014). In the present study, we have further investigated the urinary 
phenotype of Wnt5a-null mice and found that 50% of Wnt5a-null mice develop horseshoe/pancake 
kidneys. Underlying horseshoe kidney formation, the WDs display defects in migration to the 
cloaca. Furthermore, we show that the WD has an increased response to retinoic acid, suggesting 
the WD defects may be the result of increased exposure to retinoic acid from the concomitant 
failure of embryonic axis extension.  
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3.3 Materials and Methods 
 
3.3.1 Mouse strains 
For expression analysis of Wnt5a, wild-type embryos were collected from timed matings of outbred 
CD1 strain mice. Wnt5a-null, RARE-LacZ and CypOE mice have been described previously 
(Bowles et al., 2014; Rossant et al., 1991; Yamaguchi et al., 1999). Wnt5a-null mice were 
maintained on a mixed C57Bl/6/129 genetic background.  
 
3.3.2 In situ hybridisation  
The Wnt5a and Aldhla2 probes have been published previously (Bowles et al., 2006; 
Chawengsaksophak et al., 2012). Harvested embryos/dissected embryonic tissue was fixed 
overnight in 4% paraformaldehyde (PFA), washed twice in phosphate-buffered saline (PBS) before 
being stored at -20oC in 100% methanol. For whole mount in situ hybridisation, samples were 
hydrated into PBS with 0.1% Tween-20 (PBST) before a 5 minute Proteinase K treatment (5 
µg/ml). The samples were then refixed in 4% PFA with 0.1% Tween-20 for 10 minutes, washed 
three times in PBS and then incubated at 65°C in prehybridisation solution (50% formamide, 
5XSCC, 5X Denhardts, 250 µg/ml yeast RNA, 500 µg/ml herring sperm DNA) for 4 hrs. Probes 
were subsequently diluted with prehybridisation solution and incubated with the samples overnight 
at 65°C. Samples were washed twice for 30 minutes in 50% formamide, 1xSCC, 0.1% Tween-20, at 
65°C and then five times in PBST at room temperature. A solution of 10% horse serum, 150 mM 
NaCl, 50 mM Tris-HCl (pH 7.5) with 0.1% Tween-20 was used to block the samples before 
incubation with ant-DIG antibody (11093274910; Roche) overnight at 4°C. The samples were 
washed a minimum of five times for 48 hours in (PBS with 0.1% Tween-20) PBST. For the colour 
reaction, samples were incubated with freshly filtered 3.5 µl/ml of NBT (Roche) and BCIP (Roche) 
diluted in 100 mM NaCl, 100 mM Tris-HCl (pH 9.5) with 0.1% Tween-20. Mutant and wild-type 
samples were incubated with the colour reaction for equal amounts of time. Wholemount images of 
embryos and dissected tissue were captured on Olympus SZX-12 stereomicroscope with the same 
settings. Section in situ hybridization was performed as described previously (Wilhelm et al., 
2007a). 
 
3.3.3 Antibodies and stains 
The following primary antibodies against endogenous mouse antigens were used in 
immunofluorescence; rabbit anti-SIX2 (11562-1-AP; United Bioresearch Products) used at 1:600 
dilution; mouse anti-E-cadherin (610182; Becton Dickinson) used at 1:200 dilution; rabbit anti-
PAX2 (code 71-6000; Invitrogen), used at 1:200 dilution; goat anti-GATA3 (AF2605; Bio-
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scientific), used at 1:200 dilution; biotinylated Lotus tetragonolobus lectin (4450019052; Abcus 
ALS), used at 1:400 dilution; rabbit anti-Aquaporin 2 (AB3274; Merck). The secondary antibodies 
used were goat anti-rabbit Alexa 594 (code A11034; Invitrogen), used at 1:200 dilution; donkey 
anti-rabbit Alexa 568 (A10042; Invitrogen) used at 1:200 dilution; donkey anti-mouse Alexa 647 
(A31571; Invitrogen) used at 1:200; Streptavidin Alexa 488 (S32354; Invitrogen) used at 1:200 
dilution; and goat anti-mouse Alexa 488 (A11001; Invitrogen), used at 1:200 dilution. 40,6-
diamidino-2-phenylindole (DAPI; 2 ng/l in PBS; Molecular Probes) was used at 1:1000 dilution to 
visualize nuclear DNA in immunofluorescence.  
 
3.3.4 Immunofluorescence  
For section immunofluorescence, paraffin embedded samples were sectioned at 7 µm, de-waxed in 
xylene before re-hydrated into PBS. The slides were boiled for 5 minutes in Vector high pH antigen 
retrieval solution (Abacus ALS) before being blocked in 10% horse serum/PBS with 0.1% Triton-X 
(PBTX). The primary antibodies were diluted in block and incubated with the slides overnight at 
4°C. Next, the slides were washed three times in PBTX and incubated with the secondary 
antibodies diluted in block for 1 hr at room temperature. Slides were washed three times in PBST, 
mounted in 70% glycerol and imaged using an inverted LSM 510 Meta (Zeiss) confocal 
microscope.   
 
For whole mount immunofluorescence, samples were blocked in 10% horse serum/PBTX for 4 
hours before incubation with the primary antibody overnight at 4°C.  Next, the samples were 
washed for a minimum of 24 hours in PBTX before incubation with the secondary antibody diluted 
in block. Finally, images were washed in PBTX for a minimum of 24 hrs before dehydration to 
100% MeOH and cleared in 1:2 benzyl alcohol/benzyl benzoate (BABB). Samples were mounted in 
a glass bottom dish (code P35G-1.5-14-C, MatTek corporation) and imaged using an inverted LSM 
510 Meta (Zeiss) confocal microscope. 
 
3.3.5 LacZ staining 
Harvested embryos were fixed with 1% Formaldehyde, 0.2% Glutaldehyde, 2 mM MgCl2, 5 mM 
EGTA and 0.02% NP-40, for 10 minutes at room temperature. Samples were then washed 3 times 
for 5 minutes in PBS and incubated with the staining solution at 37°C (5 mM K3, 5 mM K4, 2 mM 
MgCl2, 0.02% NP-40 and 1 mg/ml X-gal). Mutant and wild-type samples were stained for equal 
amounts of time and imaged with the same settings on Olympus SZX-12 stereomicroscope. 
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3.3.6 Haematoxylin and eosin staining 
7 µm paraffin sections were de-waxed in xylene, rehydrated through an ethanol series to H2O. The 
sections were stained with freshly filtered haematoxylin, washed, and counterstained in eosin 
solution. Finally, slides were dehydrated, mounted in Entellan mounting medium (Millipore) and 
imaged with a BX-51 microscope (Olympus). 
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3.4 Results 
 
3.4.1 Wnt5a null mice develop horseshoe kidneys 
To determine if Wnt5a-null mice have any malformations in urinary development, we examined the 
urinary system at 18.5 dpc, just prior to birth. 50% (n=4/8) of embryos displayed a horseshoe or 
pancake kidney malformation, with clear mid-line fusion between the two kidneys (Fig. 3.1A).  
This phenotype was also associated with perturbed lower urinary tract development, where there 
was no evident bladder and/or an incorrect direct connection between the urinary system and the 
hindgut (Fig. 3.1A). Indeed, urinary-rectal fistula has been previously described in Wnt5a-null mice 
(Tai et al., 2009). Haematoxylin and Eosin sections through the horseshoe kidney identified dilated 
epithelial structures present throughout the cortex and medulla regions of the kidney tissue (Fig. 
3.1B). Staining for Aquaporin-2 and Lotus tetragonolobus lectin, marking the proximal tubules and 
collecting ducts respectively, revealed that both the proximal tubules and collecting ducts were 
dilated, suggesting that either the kidneys failed to drain or had formed cysts (Fig. 3.1B). 
 
3.4.2 Wnt5a-null mice have perturbed Wolffian duct patterning 
The severity of the Wnt5a-null urinary system phenotype suggested that an early defect in the 
patterning of the urinary system had occurred. Hence, urogenital ridges were examined at 10.0-
10.25 dpc (30-32 somites), just prior to UB induction. While wild-type WDs had connected with 
the cloacal epithelium, a number of Wnt5a-null embryos displayed perturbed WD targeting. In 2/6 
embryos examined, the WD clearly looped back on itself and failed to connect with the cloaca (Fig. 
3.2A). Furthermore, in 2/6 embryos examined, the two adjacent WDs directly connected, rather 
than being inserted into the cloaca (Fig. 3.2B). Staining with the metanephric mesenchyme marker 
SIX2 identified that the two metanephric fields were fused, explaining the origin of the observed 
horseshoe kidney phenotype at 18.5 dpc (Fig. 3.2B). Therefore, these data demonstrate that WD 
migration and insertion in the cloaca is perturbed in Wnt5a-null mice. 
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Figure 3.1 Wnt5a-null mice develop horseshoe kidneys  
(A) Brightfield images of dissected urogenital system at 17.5 dpc, show that Wnt5a-null mice develop horseshoe 
kidneys, compared to wild-type n=4/8. In wild-type, the ureters (U) are connected to the bladder (Bl), whereas the 
Wolffian duct was still connected to the digestive tract in Wnt5a-null mice, as indicated by arrow. Scale bar, 2mm. (B) 
Haematoxylin and eosin staining of kidney sections showed dilated epithelial structures in Wnt5a-null mice. Scale bar, 
100 µm. (C) Section immunofluorescence for Aquaporin-2 (green), marking proximal tubule cells, and Lotus 
tetragonolobus lectin or (LTL, red), marking collecting ducts, indicated that both proximal tubule and collecting ducts 
are dilated. Cell nuclei are stained with DAPI (blue). Scale bar, 100 µm.  
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Figure 3.2 Wnt5a-null mice have Wolffian duct migration defects  
(A) Whole mount immunofluorescence for E-cadherin (green), marking the Wolffian duct and cloacal epithelium, 
indicates that the posterior Wolffian duct loops in Wnt5a-null embryos, compared to wild-type. Arrow indicates 
Wolffian duct inserted into cloaca in wild-type. One side of the urogenital ridge is shown. n=2/6 Scale bar, 100 µm.  (B) 
Whole mount immunofluorescence for E-cadherin (green), marking the Wolffian duct and cloacal epithelium, and SIX2 
(red), marking the nephrogenic cord, indicates that the two Wolffian ducts directly connect in Wnt5a-null embryos, 
compared to wild-type where the Wolffian ducts are inserted into the cloaca (indicated by arrow). n=2/6. Embryos are 
staged between 31-32 somites (S) or approximately 10.25 dpc. Scale bar, 100 µm. 
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Figure 3.3. Müllerian duct extension defects are secondary to perturbed Wolffian duct patterning.  
(A) Whole mount and section in situ hybridisation at 10.5 dpc and 11.5 dpc detects strong expression of Wnt5a (purple) 
in the mesenchyme surrounding the mesonephric tubules, and not in the Wolffian duct (WD), cranial (MtCr) or caudal 
(MtCd) mesonephric tubules. Scale bar, 100 µm. (B) Whole mount immunofluorescence for PAX2 (red), detecting the 
Wolffian duct (WD), Müllerian duct (MD) and mesonephric tubules, and E-cadherin (green), detecting the WD and 
mesonephric tubules, indicates that the MD fails to extend beyond the point of discontinuity in the WD. The 
mesonephric tubules also appear reduced. n=3. Scale bar, 100 µm. 
 
3.4.3 Wolffian duct defects precede Müllerian duct migration defects 
It was previously reported that Wnt5a-null mice have defects in female reproductive tract 
development from failure of posterior growth of the Müllerian duct (Mericskay et al., 2004). Given 
that the migration of the Müllerian duct is dependent on the WD as a guide (Kobayashi et al., 2005) 
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and the aforementioned WD migration defects, we examined if the two phenotypes could be linked. 
Whole mount and section in situ hybridisation detected expression of Wnt5a in the mesonephric 
mesenchyme at 10.5 and 11.5 dpc, with particularly strong expression surrounding the 
differentiating mesonephric tubules, suggesting a possible role for Wnt5a in mesonephric tubule 
development (Fig. 3.3A). Wholemount immunofluorescence for PAX2 marking the Müllerian duct, 
WD and mesonephric tubules and E-cadherin, marking the WD and mesonephric tubules, identified 
that the Müllerian duct failed to extend beyond the point of WD ectopic budding or looping (Fig. 
3.3B). The number of caudal mesonephric tubules also appeared reduced, conflicting with a 
previous report that Wnt5a-null mice develop ectopic mesonephric tubules (Nishita et al., 2014). 
Therefore, failure of Müllerian duct extension is likely to be caused by disruption in the continuity 
of the WD.   
 
3.4.4 Wnt5a is not expressed in intermediate mesoderm derived tissue at 9.5 dpc 
To determine if Wnt5a was expressed in or could signal directly to the WD, expression of Wnt5a 
was examined on transverse sections through a 9.5 dpc embryo by in situ hybridisation.  Wnt5a 
expression was not detected at either the level of the mesonephros (Fig. 3.4C) or in more posterior 
cross-sections though the WD and nephrogenic cord (Fig. 3.4A and B). However, Wnt5a was 
detected as being expressed in the overlying coelomic epithelium and paraxial mesoderm lying 
dorsal to the WD/NC (Fig. 3.4). Together with a previous report that Wnt5a is expressed in the 
mesenchyme surrounding the cloacal epithelium and in the posterior tail bud (Nakata et al., 2009; 
Yamaguchi et al., 1999), it is likely that Wnt5a could signal to the WD during migration. 
 
3.4.5 Cloaca partitioning is disrupted 
Since the urinary and digestive system of Wnt5a-null mice failed to separate, we examined the 
septation of the cloaca. There are a number of factors that contribute to cloaca septation, such as a 
down growth of Tourneux’s fold, extension of Rathke’s folds, epithelial reorganisation of the cloaca 
epithelium and differential growth of the cloacal mesoderm (Hynes and Fraher, 2004; Kluth et al., 
1995; Nievelstein et al., 1998; van der Putte, 2005). Examination of the lower urinary tract at 12.5 
dpc, prior to septation identified 1/4 embryos where the WD or nephric duct did not insert into the 
urogenital sinus (UGS) (Fig. 3.5A). In this case it was associated with horseshoe kidney formation. 
In the additional 3/4 embryos examined, the urogenital sinus was directly connected to the hindgut, 
consistent with wild-type (Fig. 3.5A). Interestingly, the relative position of the UGS/hindgut was 
localised to the centre of the genital tubercle bulge in Wnt5a-null mice, compared to wild-type, 
where the UGS/hindgut connection with the overlying genital tubercle epithelium was localised at 
the base of the genital tubercle, meeting the tail bud (Fig. 3.5A). At 13.5 dpc, the hindgut failed to 
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separate from the urogenital sinus in 2/4 Wnt5a-null embryos, whereas it had clearly separated in 
wild-type littermates (Fig. 3.5B). Similarly, the relative position of the UGS/hindgut was more 
anterior in Wnt5a-null embryos relative to wild-type, suggesting that this may contribute to the 
failure of cloaca septation (Fig. 3.5B). In addition, in 2/4 embryos the WD had failed to insert into 
the cloaca and an elongated UGS was not evident (Fig. 3.5B). The latter phenotype was also 
associated with horseshoe kidney formation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4. Wnt5a is expressed in tissue surrounding the urogenital ridge at 9.5 dpc.  
Transverse section in situ hybridisation for Wnt5a, coupled with section immunofluorescence for PAX2 (red), marking 
the Wolffian duct (WD) and nephrogenic cord and E-cadherin (green), marking the WD, on adjacent serial sections 
indicates that across the anterior-posterior embryonic axis, Wnt5a is not expressed in intermediate mesoderm-derived 
structures. However, Wnt5a is detected in the overlying coelomic epithelium (single arrow head) and in the dorsal 
mesenchyme (double arrow head). Wolffian duct is outlined with dotted line. Diagram indicates anterior-posterior 
levels of sections. Scale bar, 100 µm. 
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Figure 3.5 Wnt5a-null mice have lower urinary tract anomalies.  
(A) Section immunofluorescence for GATA3 (green), marking the urogenital sinus (UGS) and Wolffian duct, PAX2, 
marking the Wolffian duct (WD) and E-cadherin, marking the UGS, WD and hind gut (HG) at 12.5 dpc, indicates that 
in n=1/4 Wnt5a-null embryos the WD does not connect with the UGS, whereas the WD is correctly inserted in n=3/4 
Wnt5a-null embryos, compared to wild-type. The relative position of the UGS is in a more anterior position in the 
genital tubercle (GT) bulge, relative to the tail (T). (B) (A) Section immunofluorescence for GATA3 (green), marking 
the urethral plate (UR), primitive bladder (PB) and Wolffian duct, PAX2, marking the Wolffian duct (WD) and E-
cadherin, marking the UR, PB, WD and hind gut (HG) at 13.5 dpc, indicates that the urogenital sinus (UGS) fails to 
separate from the HG in n=2/4 Wnt5a-null embryos compared to wild-type. In addition, in n=2/4 Wnt5a-null embryos, 
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the WD does not connect with the UGS. The relative position of the UGS is in a more anterior position in the genital 
tubercle (GT) bulge, relative to the tail (T). DAPI (blue) indicates cell nuclei. Scale bar, 100 µm. 
3.4.6 Perturbed WD migration is not associated with gut elongation defects 
A major consideration when examining the phenotype of Wnt5a-null mice is that there is a 
concomitant shortening of the body axis and defects in gut elongation. To address whether the 
horseshoe kidney phenotype was directly associated with variable penetration of the gut extension 
phenotype, the nephrogenic field and hindgut were examined at 9.25 dpc. Wnt5a-null embryos 
where the WDs had directly connected or were migrating at a trajectory towards the cloaca both 
displayed evident gut elongation defects, compared to wild-type (Fig. 3.6A). When the WDs had 
directly connected, it appeared that the WDs had crossed over the hindgut epithelium and connected 
ventrally (Fig. 3.6A ii). Interestingly, PAX2 positive nuclei marking the nephrogenic field were 
more closely packed compared to wild-type, suggesting that the cells are not extending correctly 
(Fig. 3.6B). In addition, the cells at the tip of the WD are normally more loosely condensed, 
whereas in Wnt5a-null mice, WD tip cells are more tightly packed (Fig. 3.6B). Thus, varying 
penetrance of hindgut morphogenetic defects are unlikely to account for WD migration defects in 
Wnt5a-null mice, although subtle changes in hindgut patterning cannot be excluded.  
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Figure 3.6. Variable penetrance of hind gut extension in unlikely to account for Wolffian duct (WD) migration 
defects at 9.25 dpc.  
(A) Whole mount immunofluorescence for PAX2, marking the intermediate mesoderm, and E-cadherin, exposure set to 
just mark the gut epithelium, indicates that the hind gut fails to correctly extend in Wnt5a-null embryos with correct 
WD targeting (i) and those where the two WDs have inappropriately connected (ii). The gut epithelium is outlined with 
dotted line. Arrows indicate tip of WD. (B) The cells at the tip of the WD/nephrogenic cord are more compact in 
Wnt5a-null mice, compared to wild-type, as marked by PAX2 (red). Scale bar, 100 µm. 
 
3.4.7 Wnt5a-null WD is exposed to increased concentrations of retinoic acid 
A key pathway in the regulation of WD migration and insertion into the cloaca is retinoic acid (RA) 
signalling. The expression of the retinoic acid synthesising enzyme Aldh1a2 was examined to 
determine if the WD was exposed to abnormal concentrations of RA. In normal development, 
Aldh1a2 is expressed in the cloaca and condensing somites, with the levels of RA in the tail bud 
reduced from the expression of the RA degrading enzyme Cyp26a1 (Fig. 3.7A). The expression of 
Aldh1a2 in tissue compartments was consistent with wild-type expression. However, due to the 
defect in anterior-posterior elongation in the trunk/tail, it appeared that Aldh1a2 expression was 
higher in the region where WD migration occurs in Wnt5a-null mice compared to wild-type (Fig. 
3.7A).  
 
To determine whether the WD was exposed to more RA, Wnt5a-null mice were crossed with 
transgenic mice expressing beta-galactosidase (LacZ) under the control of the RA responsive 
element (RARE) (Rossant et al., 1991). Examination of LACZ expression revealed stronger 
staining in the WD of 3/6 Wnt5a-null;RARE-LacZ embryos at 9.5 dpc, compared to wild-type 
littermates (3/6 showed equivalent staining) (Fig. 3.7B), suggesting that the “compressed” trunk/tail 
in Wnt5a-null embryos could lead to exposure of the WD to increased levels of RA. The similar 
penetrance of observed increased transcriptional response to RA and the horseshoe kidney 
malformation suggests that increased RA levels may contribute to WD migration defects in Wnt5a-
null mice, as reported in Cyp26a1-null mice. 
 
We have previously described a transgenic mouse line in which the levels of RA can be reduced by 
doxycycline-inducible ubiquitous expression of the RA degrading enzyme Cyp26b1 (Bowles et al., 
2014). Since both increased and decreased levels of RA signalling can result in WD migration 
defects, the feasibility of using this mouse model to reduce RA concentrations without overtly 
disrupting trunk/tail development was examined.  Administration of 2 mg/mL of doxycycline in the 
drinking water of pregnant females from 7.5-9.25 dpc clearly reduced RA signalling during WD 
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migration in Cyp26b1-OE;RARE-LacZ embryos compared to wild-type (Fig. 3.8A). Moreover, at 
9.75 dpc, doxycycline-treated embryos had correct WD targeting to the cloaca and extension of the 
posterior trunk, suggesting that the reduced concentration of RA was still above the threshold 
required to perturb posterior development (Fig. 3.8B). Therefore, the Cyp26b1-OE mouse model 
can be used as a genetic tool to reduce the levels of RA in the posterior of the embryo.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7 The Wolffian ducts in Wnt5a-null mice are exposed to more retinoic acid.  
(A) Whole mount in situ hybridisation for Aldh1a2 (purple) detected expression in the cloaca  (arrows) and somites in 
both Wnt5a-null and wild-type embryos. However, the posterior region of the embryo has stronger staining of Aldh1a2 
in Wnt5a-null embryos, compared to wild-type (bracket). n=3 (B) Whole mount LACZ staining (blue) for the RARE-
LacZ reporter gene detected strong LACZ expression in the WD of Wnt5a-null embryos, compared to wild-type 
(arrowhead), indicating an increased response to retinoic acid. n=3/6. Scale bar, 500 µm. 
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Figure 3.8 Over-expression of Cyp26b1 can be used to reduce the concentration of retinoic acid in the posterior 
of the embryo during Wolffian duct migration.  
(A) Whole mount LACZ (blue) staining indicates reduced staining in the tail of the embryo at 9.25 dpc during Wolffian 
duct (WD) (arrowhead) migration with 2 days of doxycycline induction of Cyp26b1. (B) Whole mount LACZ (blue) 
staining indicates reduced staining in the tail of the embryo at 9.75 dpc after WD migration with 2 days of doxycycline 
induction of Cyp26b1. The WD is correctly targeted to the cloaca in both Cyp26b1-OE and wild-type embryos 
(arrowhead). Scale bar, 500 µm. 
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3.5 Discussion 
 
Wnt5a is a key regulator of anterior-posterior extension, distal outgrowth of the limbs and genital 
tubercle, and organ patterning during embryogenesis (Yamaguchi et al., 1999). In this study we 
show that Wnt5a-null mice develop a range of urogenital abnormalities including horseshoe kidney. 
Underlying horseshoe kidney formation, WD migration to the cloaca is perturbed. These posterior 
patterning defects were similar to those observed in mouse mutants with aberrant RA signalling and 
subsequent analysis of Aldh1a1 expression and a RA responsive transgene, RARE-lacZ, suggested 
that the WD is responding to increased concentrations of RA. Therefore, our data suggest that WD 
migration defects in Wnt5a-null mice may result from exposure to increased levels of RA, 
secondary to the anterior-posterior extension defects. 
 
3.5.1 The role of Wnt5a in regulating WD migration 
One consideration when analysing Wnt5a-null mice is that it is hard to disentangle an organ-
autonomous role for Wnt5a in urogenital morphogenesis from the concomitant embryonic axis 
patterning defects. Our data suggest that urogenital extrinsic factors such as increased exposure to 
RA may contribute to the phenotype of Wnt5a-null mice. Therefore, future studies will be directed 
at reducing the concentrations of RA in vivo using the Cyp26b1-OE mouse model (Bowles et al., 
2014) to definitively show the contribution of RA signalling to the Wolffian duct migration 
phenotype. In addition, it would be of interest to take another strategy such as conditional 
inactivation of Wnt5a in the coelomic epithelium by a Wt1-cre recombinase (Zhou and Pu, 2012) or 
in the embryo mesoderm using a T-cre recombinase (Perantoni et al., 2005) to distingish the 
contribution of whole embryo defects from loss-of-function of Wnt5a to the urogenital phenotype. 
 
Wnt5a has been shown to induce chemo-attractive migration of craniofacial mesenchyme in the 
palatal shelves (He et al., 2008). Therefore, an alternative hypothesis for the WD migration defects 
could be that a gradient of Wnt5a produced by the posterior of the embryo acts as a chemo-
attractive signal to the WD. Perhaps this could be tested further by investigating if the WD can 
undergo directional migration towards a WNT5A-soaked bead, ex vivo.   
 
3.5.2 The function of Wnt5a in mesonephric development 
WNT/β-catenin signalling has a suite of developmental functions in mesonephric/reproductive tract 
differentiation, patterning and homeostasis (Carroll et al., 2005; Kobayashi et al., 2011; Parr and 
McMahon, 1998; Stewart et al., 2013). For example, Wnt9b expressed from the WD is the central 
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inductive factor for the nephrogenic cord to undergo mesenchyme-to-epithelial transition to form 
mesonephric tubules (Carroll et al., 2005).  Wnt5a was detected as being strongly expressed in the 
mesenchyme surrounding the mesonephric tubules, suggesting that Wnt5a functions in mesonephric 
tubule differentiation or patterning. Our investigation of mesonephric tubules in Wnt5a-null mice 
suggested that the number of caudal mesonephric tubules was reduced at 13.5 dpc, compared to 
wild-type. This conflicts with a previous report that Wnt5a-null mice develop ectopic mesonephric 
tubules, although this was observed in the metanephric region (Nishita et al., 2014). A more 
detailed investigation from 11.5-14.5 dpc would be helpful in clarifying the distribution of 
mesonephric tubule differentiation and time of regression. Insight into the function of Wnt5a in 
mesonephric tubules may be relevant to our understanding of the differentiation of metanephric 
nephrons (Georgas et al., 2011). 
 
Recently, Wnt5a has been shown to be important for embryo implantation in the uterus by taking 
conditional loss-of-function and gain-of-function approaches (Cha et al., 2014). Our finding that 
perturbation in Müllerian duct extension in Wnt5a-null mice is secondary to the Wolffian duct 
defects suggests that the complete loss-of-function mouse model is not ideal setting for determining 
the specific function of Wnt5a in reproductive tract formation and function. As well as taking 
conditional loss-of-function approaches, future studies could be directed at investigating where 
Wnt5a acts in the WNT hierarchy during reproductive tract differentiation. 
 
3.5.3 The role of Wnt5a in lower urinary tract formation 
It has been previously reported that proximal-distal outgrowth of the genital tubercle is impaired in 
Wnt5a-null mice (Yamaguchi et al., 1999). In addition, the urinary and digestive systems have been 
found to be inappropriately connected at late-gestation in Wnt5a-null mice (Tai et al., 2009). In 
wild-type mice, the genital tubercle is formed from paired lateral genital swellings above the cloaca, 
which subsequently fuse medially to form a single bulge (Perriton et al., 2002). At around 11.75 
dpc, a swelling appears on the anterior aspect of the genital tubercle and expands such that the 
urethral plate is displaced posteriorly (Perriton et al., 2002). Thus, it is believed that asymmetric 
growth between the anterior and posterior regions drives the re-positioning of the urogenital 
sinus/hindgut from the centre to the posterior side of the genital tubercle (Perriton et al., 2002; 
Seifert et al., 2008). Further investigation of the lower urinary tract in this study identified that the 
position of the cloaca is more anterior in the genital bulge. Therefore, Wnt5a is not just a 
generalised signal for genital tubercle outgrowth, but is more specifically required for the 
asymmetric expansion of the anterior mesoderm on the dorsal side of the genital tubercle. It would 
be interesting to examine this further by comparing the rate of proliferation between the anterior 
88 
and posterior mesoderm in Wnt5a-null genital tubercle. Thus, failure to remodel the cloaca to the 
ventral side of the genital tubercle may underlie the urorectal septation defect, although we can’t 
rule out a contribution from the urogenital septum mesoderm or the generalised failure of UGS 
outgrowth.   
 
3.5.4 The contribution of urogenital defects to Robinow syndrome 
Autosomal dominant mutations in WNT5A have been found in human individuals born with 
Robinow syndrome, a disorder characterised by craniofacial anomalies, limb shortening and genital 
abnormalities (Person et al., 2010). It has been previously reported that two patients with Robinow 
syndrome developed cystic kidney disease (Wiens et al., 1990), supporting our observations of 
dilated proximal tubules and collecting ducts in late embryonic staged Wnt5a-null kidneys. Wnt5a 
is known to regulate planar cell polarity, which when disrupted can cause epithelial cyst formation 
(Qian et al., 2007; Veikkolainen et al., 2012). Kidney-specific conditional inactivation of Wnt5a 
after ureteric bud induction may clarify the function of Wnt5a in epithelial morphogenesis and 
maintenance. Hence, our study and others (Nishita et al., 2014) provide support for the addition of 
WNT5A as a candidate gene for genetic causes of CAKUT, and further investigation of the urinary 
system of Wnt5a loss-of-function mice will help the clarify the etiology of Robinow syndrome. 
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4.1 Abstract 
 
The issues of whether and how some organs coordinate their size and shape with the blueprint of 
the embryo axis, while others appear to regulate their morphogenesis autonomously, remain poorly 
understood. Mutations in Ift144, encoding a component of the trafficking machinery of primary 
cilia assembly, result in a range of embryo patterning defects, affecting the limbs, skeleton and 
neural system. Here, we show that embryos of the mouse mutant Ift144twt develop gonads that are 
larger than wild-type. Investigation of the early patterning of the urogenital ridge revealed that the 
anterior-posterior domain of the gonad/mesonephros was extended at 10.5 dpc, with no change in 
the length of the metanephros. In XY embryos, this extension resulted in an increase in testis cord 
number. Moreover, we observed a concomitant extension of the trunk axis in both sexes, with no 
change in the length of the tail domain or somite number. Our findings support a model in which: 
(1) primary cilia regulate embryonic trunk elongation; (2) the length of the trunk axis determines 
the size of the urogenital ridges; and (3) the gonad domain is partitioned into a number of testis 
cords that depends on the available space, rather than being divided a predetermined number of 
times to generate a specific number of cords. 
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4.2 Introduction 
 
Embryonic development is orchestrated through an orderly and interconnected progression of 
events in a precise temporal and spatial sequence. Disruptions in the meshwork of events affecting 
one tissue can alter the patterning of neighbouring organ systems and have “knock-on” effects in 
the differentiation and function of their neighbours. In the trunk of the embryo, it is unclear which 
organs align their development and morphology with the embryo axis rather than having more 
autonomous regulation of their size and shape. 
 
In mice, the urogenital system is derived from the linear and sequential differentiation of three 
kidney primordia arising from the intermediate mesoderm. At 8.0 dpc, a portion of the intermediate 
mesoderm on both sides of the midline undergoes mesenchymal-to-epithelial transition to form the 
Wolffian ducts, which subsequently extend in a posterior direction until they terminate in the cloaca 
(Bouchard et al., 2002; Grote et al., 2006). The first primordial kidney—the pronephros—
degenerates almost as soon as it forms (Bouchard et al., 2002). Subsequently, the second primordial 
kidney—the mesonephros—differentiates and will go on to form the reproductive tract. The gonad 
forms on the ventromedial surface of the mesonephros at 10.5 dpc. At the level of the hindlimb, the 
remaining intermediate mesoderm condenses and interacts with the Wolffian duct to induce the 
outgrowth of the final definitive kidney, the metanephros (reviewed by Saxen and Sariola, 1987). 
HOX11 paralogues expressed in the posterior portion of the embryo are required for metanephric 
induction (Wellik et al., 2002).  
 
The gonad develops on the surface of the mesonephros between 9.5-10.5 dpc, when coelomic 
epithelial cells proliferate and undergo epithelial-to-mesenchymal transition to form gonadal 
somatic cells (Karl and Capel, 1998). Primordial germ cells (PGCs) are specified at the proximal 
end of the epiblast from where they move to the extra-embryonic mesoderm at the base of the 
allantois at an earlier stage, around 6.5 dpc (Lawson and Hage, 1994; reviewed by McLaren and 
Lawson, 2005; Ohinata et al., 2005). From the extraembryonic mesoderm, PGCs migrate to the 
hindgut endoderm and subsequently traverse the hindgut mesentery between 9.5-10.5 dpc to reach 
their final destination, the genital ridges (Ginsburg et al., 1990). It has been hypothesised that the 
long and narrow gonadal structure has evolved to act as a “net” to receive germ cells dispersed in 
the hindgut (Harikae et al., 2013), but how the size and shape of the gonad domain is regulated 
remains poorly understood.  
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The primary cilium is an immotile cellular organelle that protrudes from most non-dividing 
vertebrate cells (Goetz and Anderson, 2010). In humans and mice, mutations leading to either 
disruption of primary cilium biogenesis or function can have severe developmental consequences 
resulting in disorders and diseases collectively referred to as ciliopathies. This large, heterogeneous 
group of disorders includes polycystic kidney disease and retinal pigmentosa, as well as more 
complex syndromes with variable phenotypes such as Bardet-Biedl, Jeune, short rib polydactyly 
and Sensenbrenner syndromes. Frequent phenotypes associated with primary cilium defects include 
skeletal abnormalities, renal cysts, retinal degeneration and neurological defects (Goetz and 
Anderson, 2010).  
 
A number of reported human cases of Bardet-Biedl syndrome have a reproductive phenotype, with 
some phenotypically female individuals characterised by hypoplastic ovaries, uterus, fallopian 
tubes, and vagina and/or duplex uterus, and phenotypically male individuals by general testicular 
hypoplasia, Leydig cell hypoplasia and/or absence of mature germ cells (Green et al., 1989; Klein 
and Ammann, 1969; McLoughlin and Shanklin, 1967). It remains unclear if the observed gonadal 
abnormalities are the result of primary gonad failure or failure of the hypothalamic-pituitary-
gonadal axis (Perez-Palacios et al., 1977; Soliman et al., 1996; Toledo et al., 1977). 
 
In addition to having a mechanosensory role, primary cilia act as a signalling hub and are 
functionally linked to the Hh, WNT, NOTCH, PDGFRα, FGF and HIPPO pathways (Corbit et al., 
2005; Ezratty et al., 2011; Habbig et al., 2012; Neugebauer et al., 2009; Schneider et al., 2005). 
Proteins are dynamically trafficked up and down the microtubule-based ciliary axoneme using a 
specialised motor-driven trafficking process known as intraflagellar transport (IFT) (Pazour et al., 
2000). Generally, a group of anterograde trafficking proteins (IFT-B) move cargo to the tip of the 
cilium using a kinesin motor protein complex, whereas retrograde trafficking proteins (IFT-A) 
move cargo from the tip to the base via a dynein motor protein complex (Ou et al., 2005). 
 
The IFT-A gene Ift144 (or Wdr19) has been linked to both Jeune asphyxiating thoracic dystrophy 
syndrome and Sensenbrenner or cranio-ectodermal dysplasia syndrome (Bredrup et al., 2011; 
Fehrenbach et al., 2014). Previous analysis of a mouse model with a hypomorphic missense 
mutation of Ift144 (“twinkle-toes”, or Ift144twt), revealed a number of characteristics of the cognate 
human diseases, including polydactyly, short rib cage, limb truncation, neural patterning and cleft 
lip/palate (Ashe et al., 2012; Liem et al., 2012). Rib defects in Ift144twt mouse mutants were shown 
to result from early disrupted somitic patterning in the inter-limb region. In addition, Ift144twt 
embryos have fewer primary cilia, but only very subtle changes to the structure of those primary 
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cilia that do form. Furthermore, embryonic fibroblasts derived from Ift144twt embryos display an 
attenuated response to upstream activation of Hh signalling, whereas analysis in vivo revealed a 
ligand-independent expansion of Hh signalling in some contexts (Ashe et al., 2012; Liem et al., 
2012). 
 
In the present study we show that, in addition to the defects previously described, Ift144twt mutants 
display hyperplastic gonads in both XX and XY embryos. Underlying this significant increase in 
gonad size, Ift144twt mice had an early anterior expansion of the gonad domain along the anterior-
to-posterior axis, concomitant with an extension in the length of the embryo trunk. These findings 
help to define the underlying mechanisms of gonad morphogenesis and dependency of organ 
patterning on the embryonic axis.  
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4.3 Materials and Methods 
 
4.3.1 Mice 
Ift144twt mice have been described previously and were analysed on a FVB/NJ background (Ashe et 
al., 2012) and were compared to wild-type littermates. For detection of primary cilia in embryonic 
gonad development, wild-type embryos were collected from timed matings of outbred CD1 strain 
mice. Mice were staged with noon of the day on which the mating plug was observed designated 
0.5 days post coitum (dpc) and 8-10 tail somite (ts) correlating to 10.5 days post coitum (dpc) and 
17-18 ts correlating to 11.5 dpc. Sx PCR was used to determine the sex of the embryos (McFarlane 
et al., 2013). Protocols and use of animals were approved by the Animal Ethics Committee of the 
University of Queensland, which is registered as an institution that uses animals for scientific 
purposes under the Queensland Animal Care and Protection Act (2001). 
 
4.3.2 Immunofluorescence 
The following primary antibodies against endogenous mouse antigens were used in 
immunofluorescence; rabbit anti-MVH (code 13840; Abcam) used at 1:400 dilution; mouse anti-E-
cadherin (code 610182, Becton Dickinson) used at 1:200 dilution; mouse anti-SOX9 (code 
H00006662-M01; Abnova) used at 1:200 dilution; rabbit anti-FOXL2 (Polanco JC 2010) used at 
1:600 dilution; mouse anti-ARL13B (code 75-287; Antibodies Incorporated) used at 1:200 dilution; 
mouse anti-OCT4 (code sc-5279; Santa Cruz) used at 1:100 dilution; goat anti-AMH (code SC-
5279; Santa Cruz); chicken anti-GFP (code 13970; Abcam) used at 1:400 dilution; goat anti-
GATA4 (code sc-1237; Santa Cruz) used at 1:100 dilution, rabbit anti-PAX2 (code 71-6000; 
Invitrogen) used at 1:200 dilution, Mouse anti-MVH (code ab27591; Abcam) used at 1:600 dilution 
and rabbit anti-STRA8 (code ab49405; Abcam) used at 1:200 dilution. The secondary antibodies 
used were donkey anti-goat Alexa 488 (code A11055; Invitrogen) at 1:200 dilution; goat anti-rabbit 
Alexa 594 (code A11034; Invitrogen) at 1:200 dilution; donkey anti-rabbit Alexa 568 (code 
A10042; Invitrogen) at 1:200 dilution; and 40,6-diamidino-2-phenylindole (DAPI; 2 ng/µl in PBS; 
Molecular Probes) at 1:1000 dilution to visualize nuclear DNA in immunofluorescence.   
 
For section immunofluorescence, 7 µm paraffin sections were processed as described previously 
(Polanco JC 2010). Slides were imaged using a confocal microscope (LSM 510 Meta; Zeiss). For 
whole-mount immunofluorescence, dissected gonads/mesonephroi were fixed in 4% 
paraformaldehyde (PFA) in PBTX (PBS containing 0.1% Triton X-100) overnight at 4°C. Samples 
were washed in phosphate buffered Saline (PBS) and stored in 100% methanol (MeOH) at -20°C 
until required. Samples were rehydrated through at MeOH series and then blocked for 4 hours at 
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room temperature in 10% heat inactivate horse serum (HS)/PBTX. Primary antibody was incubated 
overnight at 4°C and then washed at least three times in PBTX for a minimum of 24 hours. 
Subsequently, the secondary antibody was incubated overnight at 4°C diluted in 10% HS/PBTX 
and then washed three times in PBTX for a minimum of 24 hours. Samples were dehydrated into 
100% methanol before being cleared by 1:2 benzyl alcohol/benzyl benzoate (BABB). Samples were 
mounted in a glass bottom dish (code P35G-1.5-14-C, MatTek corporation) and imaged using an 
inverted LSM 510 Meta (Zeiss) confocal microscope. 
 
4.3.3 Image capture, analysis and processing 
For wholemount immunofluorescence, serial non-overlapping Z-slice optical sections were 
captured for the depth of the sample. For 13.5 dpc XY gonads, samples were imaged on 10x 
objective at 7.1 µm intervals. For 10.5 dpc urogenital ridges, samples were imaged on a 10x 
objective with a 0.8x optical zoom, tiled over two different fields of view at 7.1 µm intervals. 
Optical sections were processed in Imaris software (Bitplane) to produce maximum intensity 
projections and testis cord 3D models with the rendering tool: Surfaces. Wholemount pictures of 
embryos and dissected tissue were captured on Olympus SZX-12 stereomicroscope.  
 
4.3.4 Image quantification 
Number of somites and embryo lengths were quantified on Ift144twt and wild-type littermate control 
embryos previously stained by in situ hybridisation to reveal somite markers (Ashe et al., 2012). 
For measuring embryo dimensions and urogenital ridge lengths, samples were imaged in the same 
orientation at the same magnification and then the length of each sample was measured using 
drawing tools in ImageJ software. Testis cords were counted from the coelomic view of rendered 
testis cord models. 
 
4.3.5 Haematoxylin and eosin staining 
Paraffin sections (7 µm) were de-waxed in xylene, rehydrated through an ethanol series. stained 
with freshly filtered haematoxylin, washed, and counterstained in eosin solution. Finally, slides 
were dehydrated, cleared in xylene, mounted in Entellan mounting medium (Millipore) and imaged 
with a BX-51 microscope (Olympus). 
 
4.3.6 Quantitative RT-PCR 
Quantitative RT-PCR (qRT-PCR) using SYBR green (Invitrogen) was performed as described 
previously (Svingen et al., 2009a), using gonad samples from which the mesonephroi had been 
removed (n=6). Samples were normalized to the endogenous housekeeping gene Sdha (Svingen et 
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al., 2009a). Subsequently, gene expression levels were analyzed using unpaired two-tailed Student 
t-tests (PRISM version 5.0 software; GraphPad). The SYBR green primers used in this study are 
described in Supplemental Table S4.1. 
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4.4 Results 
 
4.4.1 Primary cilia are localised to the gonad interstitium 
To address the possible signalling interactions mediated by primary cilia in the fetal gonad, we first 
investigated whether and which embryonic gonadal cells have a primary cilium in both sexes at 
10.5 dpc, 11.5 dpc and 13.5 dpc. The presence of cilia was determined by immunoreactivity of 
ARL13B, a required functional component of the primary cilium (Duldulao et al., 2009). In both 
sexes at 10.5 dpc and 11.5 dpc, a primary cilium was commonly detected in somatic cells marked 
by SF-1 and in some germ cells (Fig. 4.1A, B, D and E). In addition, a primary cilium was detected 
in some Sertoli cells at 11.5 dpc (Fig. 4.1C). In the testis at 13.5 dpc, primary cilia were detected in 
the interstitium and rarely in testis cords. Specifically, a primary cilium was detected in HSD3β-
positive differentiated Leydig cells, HSD3β-negative cells, and in peritubular myoid cells (Fig. 
4.1F, and G). These observations were consistent with the interstitial cell population undergoing 
active hedgehog signalling at this time point (Yao et al., 2002). Interestingly, a primary cilium was 
rarely detected in Sertoli cells, marked by AMH expression, or in germ cells, marked by MVH 
expression (Fig. 4.1G and H).  
 
The fetal ovary can be regionally compartmentalised by marker gene expression, with a population 
of somatic cells at or near the coelomic epithelium being molecularly distinct from those cells a few 
layers adjacent to the mesonephros (Chen et al., 2012). We detected primary cilia frequently in 
ovarian cells at 13.5 dpc at and towards the coelomic epithelium (Fig. 4.1I), but also in the few cell 
layers adjacent to the mesonephros (Fig. 4.1J). A few of the FOXL2-positive somatic cells destined 
to become medullary granulosa cells, also had a primary cilium (Fig. 4.1J). In contrast to testicular 
germ cells, a primary cilium was detected in some ovarian germ cells (Fig. 4.1K). In summary, 
most cell types in the ovary were found to produce a primary cilium, albeit not all, and are therefore 
likely to have some capacity for cilia-mediated signalling.  
 
4.4.2 Increased size of Ift144twt gonads  
To investigate potential reproductive complications of Jeune and Sensenbrenner syndromes, we 
examined the urogenital system of Ift144twt mice just prior to birth, at 17.5 dpc. While there was no 
overall size difference between Ift144twt and wild-type embryos (Fig. 4.2A), Ift144twt testes and 
ovaries were strikingly and consistently larger (Fig. 4.2B). The other organs that together comprise 
the urogenital system were of similar size to wild-type. In addition, Ift144twt ovaries were mis-
localised to a more anterior position on the ventral face of the kidney, relative to wild-type 
(Supplemental Fig. S4.1A). In most cases, the formation of the male and female reproductive tracts  
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Figure 4.1 Primary cilia are detected in the testis and ovary at 10.5 dpc, 11.5 dpc and 13.5 dpc.  
(A, B, D, F) Immunofluorescence on paraffin sections of 10.5 and 11.5 dpc OCT4-GFP wild-type embryos for 
ARL13B (white), detected primary cilia, GFP (green), detected germ cells, SF-1 (red) detected gonad somatic cells 
(red). (E) Section immunofluorescence at 11.5 dpc for SOX9 (red), detected Sertoli cells and ARL13B (green), detected 
primary cilia. Immunofluorescence on paraffin sections of 13.5 dpc wild-type embryos for ARL13B (green), detected 
primary cilia and: (F) HSD3β (red), detected Leydig cells in the testis; (G) AMH (red) detected Sertoli cells in the XY 
gonad; (H) MVH (red) detected germ cells in the testis; (J) FOXL2 (red) detected somatic cells in the ovary and; (K) 
MVH (red) detected germ cells in the ovary. DAPI (blue) marking cell nuclei. Dotted line indicates gonad-mesonephric 
boundary. Arrows indicate cell type with a primary cilium. Abbreviations: L, Leydig cell; PM, peritubular myoid cell; 
SC, Sertoli cell; CE, coelomic epithelium; TCE, Towards the coelomic epithelium; F, FOXL2 positive somatic cells; 
TM, Towards the mesonephros; and GC, germ cells. Scale bar, 50 µm. 
 
was normal, with n=1/8 XY embryos displaying a unilateral dilated and uncoiled epididymis 
(Supplemental Fig. S4.1B). 
 
The histology of the ovaries and testes at 17.5 dpc was assessed by haematoxylin and eosin (H&E) 
staining (Fig. 4.2C). The Ift144twt ovaries showed a similar cell density to wild-type, suggesting that 
there were more cells overall. On the other hand, the interstitial stroma of Ift144twt testes was less 
closely packed compared to wild-type, suggesting either a reduction in the number of cells and/or 
that the cells were less condensed. Immunofluorescence for HSD3β expression, a marker of 
differentiated Leydig cells, showed that both Leydig cells and HSD3β-negative interstitial stromal 
cells were present, which suggests that there was no defect in Leydig cell differentiation (Fig. 
4.2D). 
 
Having established that Ift144twt gonads were abnormally large at 17.5 dpc, we sought to determine 
the developmental stage at which the increase in size occurs. At 13.5 dpc, after sex differentiation 
of the gonads, Ift144twt testes and ovaries were clearly longer compared to wild-type gonads (Fig. 
4.3A). The gonad domain was extended anteriorly to the level of the kidney, suggesting that an 
anterior expansion of the mesonephric-gonad domain may have occurred (Supplemental Fig. S4.2). 
Examination of the urogenital ridge revealed that Ift144twt adrenals were also longer, while Ift144twt 
kidneys were the same size as wild-type (Fig. 4.3A, Supplemental Fig. S4.2). This is consistent 
with an expansion of the mesonephric but not the metanephric domain.  
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Figure 4.2 Enlarged gonads in Ift144twt mice at 17.5 dpc.  
(A) Ift144twt embryos are a similar size to wild-type (WT) embryos at 17.5 dpc. Scale bar, 2 mm. (B) Brightfield images 
of dissected testes and ovaries indicated that Ift144twt mice have enlarged gonads. Scale bar, 1 mm. n=5. (C) 
Haematoxylin and eosin staining of gonad sections showed that the testicular interstitium is less compact. Scale bar, 
200 µm. n=4. (D) Section immunofluorescence for HSD3β (red), marking Leydig cells, and AMH (green), marking 
Sertoli cells, indicated that Leydig and non-Leydig cells are present in the interstitium. Cell nuclei are stained with 
DAPI (blue). n=4. Scale bar, 200 µm.  
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4.4.3 XY Ift144twt gonads have additional testis cords at 13.5 dpc 
Testis cords are required to create a shielded, avascular and immune-privileged environment for 
developing spermatozoa. In the XY gonad, testis cord morphogenesis proceeds with Sertoli cells 
clustering around groups of germ cells, followed by endothelial cells from the mesonephros 
migrating into the gonad to partition Sertoli and germ cell clusters into cord domains (Combes et 
al., 2009c; Cool et al., 2008; Coveney et al., 2008). Since the gonad domain is longer in Ift144twt 
embryos, we investigated the consequences for the architecture of the testis cords. At 13.5 dpc, 
testis cords have just formed and are arranged as a stack of toroidal loops along the gonad axis. 
Three-dimensional rendering of testis cords based on Sertoli cell-specific AMH expression revealed 
a similar shape and size between mutant and wild-type gonads (Fig. 4.3B). However, Ift144twt testes 
contained significantly more cords compared to wild-type, with an average increase of 4.8 cords 
(Fig. 4.3C). These data support a model in which the XY gonad domain is partitioned into testis 
cords along the available space, rather than divided a predetermined number of times to generate a 
specific number of cords. 
 
4.4.4 Gonadal sex differentiation proceeds normally in Ift144twt gonads  
To investigate any changes in gonad differentiation, we examined the expression of several 
important genes that mark the various testicular and ovarian cell lineages at 13.5 dpc by quantitative 
RT-PCR. In the testis, there was no statistically significant change in the expression of the Sertoli 
cell marker Sox9, the germ cell marker Mvh, the somatic cell marker Nr5a1, or the Leydig cell 
marker Scc. In addition, there was no ectopic up-regulation of the ovarian somatic cell markers 
Foxl2 and Wnt4 (Fig. 4.4). In the ovary, examination of cell-specific markers revealed that no 
significant changes had occurred in the expression of female somatic cell markers Wnt4 and Foxl2, 
the germ cell marker Mvh, and the male somatic cell markers Sox9 and Scc (Fig. 4.4).  
 
The signalling pathway most strongly linked to primary cilia is the Sonic hedgehog (Shh) pathway. 
Although Shh is absent from the fetal gonads, Desert hedgehog (Dhh) and its shared downstream 
effector genes Gli1 and Gli2 are all essential for normal testis differentiation. Genetic loss of Dhh 
results in a reduction in the number of Leydig cells in XY gonads, whereas constitutive Hh 
signalling in XX gonads result in ectopic Leydig cell development, demonstrating that Hh 
signalling is both necessary and sufficient for Leydig cell differentiation (Barsoum et al., 2009; Yao 
et al., 2002). Therefore, we examined the expression of Dhh signal transduction components in 
Ift144twt testes and ovaries at 13.5 dpc. In testes and ovaries, hedgehog pathway components were 
expressed at normal levels compared to wild-type (Fig. 4.4). 
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Figure 4.3 Increased number of cords in Ift144twt testes.  
(A) Brightfield images of dissected urogenital complex at 13.5 dpc, showing that Ift144twt ovaries and testes are longer 
than wild-type (WT). Scale bar, 500 µm. n=3 (B) Wholemount immunofluorescence for AMH (green) was used to 
demarcate the testis cords and create a three dimensional testis cord rendering (grey). Scale bar, 100 µm. (C) 
Quantification of testis cords identified a significant increase in the number in XY Ift144twt gonads. Unpaired two-tailed 
Student’s T-test was used to assess statistical significance. n=3, left and right gonads imaged. ***p<0.001.  
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Figure 4.4 Gene expression analysis in Ift144twt gonads.  
Quantitative RT-PCR did not detect any significant changes in the expression of the Sertoli cell marker, Sox9, germ cell 
marker, Mvh, somatic cell marker, Nr5a1, Leydig cell marker, Scc, ovarian somatic cell markers, Foxl2 and Wnt4, 
relative to wild-type (WT). Quantitative RT-PCR did not detect any significant changes in the expression of the 
hedgehog pathway component genes Dhh, Ptch1, Ptch2, Gli1, Gli2, Hhip, although variable up-regulation of Ptch1, 
Gli1, Gli2 and Hhip was detected in Ift144twt ovaries. Error bars represent SEM, n=6. Unpaired two-tailed Student’s T-
test was used to assess statistical significance. 
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Examination of Ift144twt embryos by section immunofluorescence revealed normal sex 
differentiation of Ift144twt gonads compared to wild-type. Both germ cells and SOX9 positive cells 
in the testis, and germ cells and FOXL2 positive cells in the ovary, spanned the length of the gonad 
to the anterior and posterior poles (Fig. 4.5A, B). Furthermore, Leydig cell differentiation occurred 
normally in Ift144twt testes, as assessed by Scc staining, and no ectopic Scc expression was detected 
in Ift144twt ovaries (Fig. 4.5C).  
 
Previously, XY Map3k1-null mice were found to have ~16% longer gonads at 13.5 dpc and to 
develop ectopic STRA8-positive germ cells in the posterior gonadal pole (Warr et al., 2011). It was 
postulated that the increase in gonad length may have hindered the centre-to-pole expansion of the 
testis-determining gene expression pathway, resulting in germ cells ectopically entering meiosis at 
the posterior pole (Warr et al., 2011). However, we found no STRA8 expression in XY Ift144twt 
gonads, suggesting that an expansion of the XY gonad domain length does not inhibit the male gene 
expression pathway (Supplemental Fig. S4.3). Therefore, despite the increase in gonad length, the 
molecular sex differentiation and patterning of Ift144twt gonads appeared normal. 
 
4.4.5 The anterior-posterior gonad domain is expanded at 10.5 dpc 
To determine the cause of the dramatic increase in gonadal length in Ift144twt embryos, we 
examined urogenital ridges at 10.5 dpc, the earliest time point in gonad development. Whole mount 
immunofluorescence for PAX2, a marker of the Wolffian duct and metanephric mesenchyme, and 
GATA4, a marker of the coelomic epithelium/somatic cells of the gonad, revealed that the Ift144twt  
urogenital ridges were longer than those in wild-type embryos (Fig. 4.6A). Quantification 
confirmed that the gonad/mesonephric domain was expanded in Ift144twt mutants by on average 
30% (Fig. 4.6B). Interestingly, the length of the metanephros, the region of definitive kidney 
formation, was unchanged, consistent with our earlier observations that kidney size was normal in 
Ift144twt mutant mice at later developmental stages (Fig. 4.6C).  
 
Quantification of the number of mesonephric tubules and distribution of mesonephric tubule 
domain did not detect any significant difference between Ift144twt mutant and wild-type embryos 
(Fig. 4.6D and E), suggesting that there was no change in the amount of intermediate mesoderm 
specified (Kume et al., 2000; Mattiske et al., 2006). In addition, germ cells marked by OCT4 had a 
similar distribution in the gonad domain of Ift144twt mutant embryos compared to wild-type, 
supporting our earlier observations that gonad poles of Ift144twt mutant embryos were correctly 
patterned at 13.5 dpc (Fig. 4.6F). 
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Figure 4.5 Normal sex-specific development of the gonads in Ift144twt embryos at 13.5 dpc.   
(A) Immunofluorescence on paraffin sections for E-cadherin (green), marking germ cells and FOXL2 (red), marking 
female somatic cells, indicates no changes in the distribution of germ cells and expression of FOXL2 in Ift144twt ovaries 
and testes, compared to wild-type (WT). n=3. Scale bars, 100 µm. (B) Section immunofluorescence for SOX9 (green), 
marking Sertoli cells and MVH (red), marking germ cells, indicates no changes in the distribution of germ cells and 
expression of SOX9 in Ift144twt ovaries and testes, compared to wild-type (WT). n=3. Scale bars, 100 µm. (C) Section 
in situ hybridisation for Scc (purple) did not detect any ectopic Leydig cells in Ift144twt ovaries, compared to wild-type 
(WT). n=4 Scale bars, 100 µm. Gonad tissue is marked by a dotted line. 
 
 
To determine if changes to gonad-intrinsic hedgehog signalling could be responsible for the 
expanded gonad/mesonephric domain phenotype, the expression of the direct hedgehog target genes 
Gli1 and Ptch1 was assessed at 10.5 dpc. In both Ift144twt mutant and wild-type urogenital ridges, 
expression of Gli1 and Ptch1 were detected as similar levels in the mesonephros and were 
undetectable in the gonad (Supplemental Fig. S4.4). Therefore, perturbation to hedgehog signalling 
in the gonad primordium is unlikely to cause gonad/mesonephric expansion. 
 
4.4.6 The embryo trunk region is expanded 
Upon dissection of 10.5 dpc urogenital ridges, we noticed that despite a clear anterior expansion of 
the gonad domain, the urogenital ridge did not appear to be localised any higher in the body cavity 
relative to the forelimb. Therefore, we examined whole embryo patterning to determine if any 
changes in embryo length had occurred. It was previously noted that Ift144twt embryos have similar 
number of tail somites to wild-type littermates (Ashe et al., 2012). Furthermore, it was shown that 
the shape of the somites was perturbed specifically in the trunk region of the embryo (Ashe et al., 
2012). We counted the number of somites in the trunk (base of forelimb to top of hind limb) and tail 
(base of hind limb to tail tip) regions of embryos highlighted by in situ hybridisation for the somite 
marker MyoD at 10.5 dpc and 11.5 dpc (Fig. 4.7A and data not shown). No significant changes had 
occurred in the number of somites in either the tail or trunk region of Ift144twt embryos (Fig. 4.7B, 
C). However, the length of the trunk was significantly increased whereas the length of the tail was 
unchanged (Fig. 4.7D, E). Because the gonad domain normally spans the length of the trunk region, 
it is likely that the trunk expansion is the underlying cause the increase in the gonad domain in 
Ift144twt embryos. 
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Figure 4.6 The anterior-posterior axis of the gonad is expanded in Ift144twt mice.  
(A) Confocal images of wholemount immunofluorescence for PAX2 (red), marking the Wolffian duct, mesonephric 
tubules and metanephric mesenchyme, and GATA4 (green), marking the gonad somatic cells and coelomic epithelium, 
indicates that the gonad is extended in Ift144twt mice. Arrows show anterior and posterior boundaries of the gonad 
domain and arrowheads indicate anterior and posterior boundaries of the metanephros. Images were taken at the same 
magnification; scale bar, 150 µm. (B) Quantification at 10.5 dpc shows that the gonad length was expanded, whereas 
the length of the metanephros (C) was unchanged, compared to wild-type (WT). (D) Quantification of the length of the 
mesonephric tubule domain and (E) the number of cranial (Cr) and caudal (Cd) mesonephric tubules did not detect any 
significant difference between Ift144twt mutant and wild-type urogenital ridges. Unpaired two-tailed Student’s T-test 
was used to assess statistical significance. ***p<0.001, n.s. not significant. n=5. (F) Confocal images of whole mount 
immunofluorescence for OCT4 (red), marking the germ cells, and GATA4 (green), marking the gonad somatic cells 
and coelomic epithelium, indicates that germ cells have a similar distribution in the gonad at 10.5 dpc between Ift144twt 
mutant and wild-type embryos. n=3. 
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Figure 4.7 Expansion of the embryo trunk domain in Ift144twt embryos.  
(A) Wholemount in situ hybridisation for MyoD at 10.5 dpc and 11.5 dpc was used to demarcate the somites, showing 
that the embryo trunk was expanded. Scale bars, 2 mm.  (B) Quantification revealed no significant change in trunk and 
tail somite number, with a significant increase in the length of the trunk but not the tail region. Unpaired two-tailed 
Student’s T-test was used to assess statistical significance ***p<0.001, ****p<0.0001, n.s. not significant. n=3-12. 
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4.5 Discussion 
 
The paradigm of gonad domain specification is poorly understood. Here, we have shown that 
mouse mutants with dysfunctional primary cilia display an early expansion of the anterior-posterior 
gonad axis associated with extension of the embryo trunk. As a consequence, the XY gonads were 
found to be partitioned into additional testis cords. Our data suggest a previously unrecognised 
gonad phenotype caused by disruption of the primary cilium, and raise the possibility of gonadal 
defects in Jeune and Sensenbrenner patients. 
 
4.5.1 Primary cilia in gonad development 
In general, the presence of a primary cilium is associated with cells not undergoing mitosis since the 
anchor of the cilium is the basal body, a structure that derives from the mother centriole (Fonte et 
al., 1971; Seeley and Nachury, 2010). However, there is discordance in the role of cell cycle and 
ciliogenesis observed between in vitro and in vivo systems. In cell culture, most cells ciliate only 
after exit from the cell cycle, whereas, in vivo, a myriad of rapidly mitosing cells have a primary 
cilium (Fonte et al., 1971; Goetz et al., 2012; Ocbina et al., 2011). Furthermore, some differentiated 
cell types also lack a primary cilium, in vivo (Aughsteen, 2001). Our observations defining which 
gonadal cell types have a primary cilium did not necessarily correlate with what is known about the 
cell cycle in those lineages. Testicular germ cells at 12.5 dpc stop proliferating and enter G0/G1 
arrest, whereas ovarian germ cells continue to proliferate and undergo meiosis at 13.5 dpc (Bowles 
et al., 2006; Hilscher, 1974). Thus, it was surprising that a primary cilium was not detected in 
testicular germ cells at 13.5 dpc but in some ovarian germ cells. On the other hand, fetal Leydig 
cells have no detectable mitotic activity once they have differentiated (Orth, 1982) and we found 
that the majority of Leydig cells have a primary cilium. Our observations confirm a previous report 
of primary cilia in Leydig cells, peritubular and other fibroblast-like stromal cells in the adult 
human testis (Takayama, 1981).  
 
In the developing ovary, a lack of molecular markers has thus far hindered examination of the 
origin and specification of different somatic cell lineages. In a previous in situ hybridisation screen, 
novel domains of somatic cell gene expression were described suggesting that molecular 
regionalisation occurs earlier than previously thought (Chen et al., 2012). Consistent with these 
observations, we observed regionalisation of the prevalence of primary cilia on somatic cells. This 
suggests that subsets of ovarian somatic cells respond differently to intercellular signalling 
pathways and are more susceptible to some signalling perturbations. For example, activation of the 
Hh pathway in the fetal ovary leads to ectopic differentiation of Leydig cells, without further 
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masculinisation of the gonad (Barsoum et al., 2009). Since Hh signalling is transduced via the 
primary cilium, perhaps trans-differentiated steroidogenic cells are the more commonly ciliated 
cells that we observed at the gonad-mesonephric boundary or towards the coelomic epithelium.  
 
4.5.2 Testis cord morphogenesis in Ift144twt mice 
Testis cords are required for maturation of XY germ cells to spermatozoa, to create an immune 
privileged environment, to protect germ cells from exogenous signals and export spermatozoa to the 
male reproductive tract. The prevailing view of testis cord morphogenesis supports a model in 
which: (1) Sertoli cells cluster around groups of germ cells; (2) endothelial cells migrate in streams 
from the mesonephros to direct the partitioning of the XY gonad into cord domains; and (3) the XY 
gonad is patterned into definitive cords by peritubular myoid cells surrounding the cords and 
deposition of a basement membrane (Combes et al., 2009c; Cool et al., 2008; Coveney et al., 2008; 
reviewed by Svingen and Koopman, 2013). It is thought that testis cords formation is triggered 
stochastically, since there is some variation in the number and size of the initial “pre-cord” domains 
(Combes et al., 2009a). However, the regularity of the shape and size of mature looped cord 
structures suggests that some yet unknown genetic control may regulate the patterning of testis 
cords. It was previously unclear if the XY gonad domain was partitioned a relatively stereotypical 
number of times or whether it is partitioned along the available space. Our data demonstrates the 
latter, suggesting that as long as XY gonad tissue is present and correctly patterned, endothelial 
cells will be induced along the length of the gonad domain.  These findings help to further define 
testis cord morphogenesis, supporting a model in which the number of testis cords is determined by 
the size of the gonad domain. 
 
4.5.3 Early extension of the gonad domain in Ift144twt mice 
The correct molecular sex patterning extended along the length of the genital ridge and germ cells 
were localised to the gonad poles of the in Ift144twt embryos. In the XY genital ridge, the male sex-
determining gene Sry is expressed in a dynamic wave, first in the centre of the gonad and 
subsequently expanding to the gonad anterior and posterior poles (Bullejos and Koopman, 2001). 
Moreover, FGF9 acts as a diffusible factor to drive centre-to-pole XY tubulogenic development 
(Hiramatsu et al., 2010). Delay in the expansion of the centre-to-pole wave of XY gene expression 
can result in the formation of ovotestes (Bullejos and Koopman, 2005; Wilhelm et al., 2009). 
Despite the genital ridge in Ift144twt mice being approximately 1.4 times the length of wild-type, 
male sex determination and testis cord morphogenesis occurred along the entire length of the gonad 
axis, with no evidence of sex reversal at the poles. This implies that regardless of the distance, a 
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level of robustness in the regulation of Sry expression exists, since the wave of male sex 
determination gene expression was completed within the critical temporal and spatial window.  
 
Our data indicate that the length of the gonad domain anterior-posterior axis could be determined by 
the length of the embryo trunk, suggesting a direct relationship between the extension of the early 
trunk axis and the extension of the coelomic epithelium and intermediate mesoderm. Live-imaging 
in chicken embryos has observed that the Wolffian duct migrates in register with somite 
segmentation (Atsuta et al., 2013). Taken together, these observations suggest that somite 
segmentation and Wolffian duct extension are a coupled process. Interestingly, the length of the 
metanephros was the same between Ift144twt mutants and wild-type embryos. The metanephros is 
located in the region between the hind limbs to the base of the tail, possibly explaining why the 
length of the metanephros was unchanged. Therefore, these findings suggest that the length of the 
Wolffian duct is not regulated autonomously, as the Wolffian ducts continue to extend until they 
reach the cloaca in Ift144twt mice.  
 
4.5.4 The function of primary cilia in somitogenesis  
We have identified that the trunk of Ift144twt embryos is extended, likely from a defect in the 
patterning of the trunk somites. There was no change in number of somites in the trunk region of 
Ift144twt embryos, compared to wild-type, suggesting that the size of the individual somites or 
spacing between them was greater. The underlying mechanism resulting in the perturbation of 
somite patterning is unclear. Somitogenesis proceeds in an anterior-to-posterior axis direction in 
growing embryo, with periodic segmentation of the pre-somitic paraxial mesoderm to form the 
precursors of the vertebral skeleton and skeletal muscle blocks. (reviewed by (Dequeant and 
Pourquie, 2008)). Somites acquire a regional anatomical identity by combinatorial expression of 
specific Hox genes. Loss or gain of HOX function generally results in transformation of a 
segmental identity, for example loss of all three Hox11 paralogues resulted in the transformation of 
sacral vertebrae to lumbar vertebrae identity (Wellik and Capecchi, 2003). Previous analysis 
examining the skeletal phenotype of Ift144twt mice did not identify any changes in regional vertebral 
identity, suggesting that perturbed Hox gene expression is unlikely to be responsible for the 
observed trunk extension and rib branching phenotype (Ashe et al., 2012).  
 
The extension of the embryo trunk is driven by ingression of cells through the primitive streak, 
whereas tail extension is driven by the tail bud progenitor zone. Accordingly, a recent study showed 
that Gdf11 signalling in the epiblast is responsible for the position of trunk-to-tail transition within 
the embryo to ensure a correct body plan. Gdf11-null mice displayed a posterior displacement of the 
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trunk-to-tail transition with extension of the trunk region and an increase in the number of trunk 
somites to the detriment of the number of the number of tail somites (Jurberg et al., 2013). Similarly 
to Ift144twt mice, we would expect that the gonad domain would be expanded in Gdf11-null mice, 
but it is unlikely that changes in Gdf11 signalling are responsible for the trunk extension of Ift144twt 
mice, since the number of somites in the trunk and tail was unchanged in Ift144twt mice. 
 
What is the link between the defect in primary cilia in Ift144twt mice and the observed anterior-
posterior extension of the embryo trunk? Although we can’t rule out an involvement of altered Hh 
signalling, this is unlikely to be the primary cause since the only evidence for Hh involvement in 
somitogenesis is that SHH from the notochord can influence the temporal control of somite 
formation. It has been shown that loss of Shh expression in the notochord in chick resulted in a 
temporary decrease in somite segmentation rate or decrease in the number of somites, which is not 
consistent with the observed Ift144twt phenotype (Resende et al., 2010). Alternatively, oscillatory 
expression of NOTCH pathway components is one of the main drivers of somitogenesis. Loss of 
Lunatic fringe, a glycosyltransferase that modulates NOTCH, specifically during somite 
segmentation had profound effects on the anterior somites, but not the tail region (Shifley et al., 
2008). Moreover, hypomorphic NOTCH1 processing mouse mutants displayed disruptions in the 
size and bilateral symmetry of anterior somites, with normal size of posterior somites (Huppert et 
al., 2000). Loss of IFT protein function has been previously shown to compromise NOTCH 
pathway activation in epidermal cells (Ezratty et al., 2011) and therefore, it may be speculated that 
reduced levels of NOTCH signalling from defective primary cilia trafficking in Ift144twt mice are 
responsible for the anterior somite segmentation defects. 
 
In addition, loss of Pdgfrα function in mouse resulted in misshapen anterior somites, which develop 
into fused and branched ribs. Similarly to Ift144twt mice, Pdgfrα null mice display normal 
segmentation of the posterior somites (Soriano, 1997). In mouse fibroblasts, PDGFRα localises to 
and signals through the primary cilium (Schneider et al., 2005). Thus, it is conceivable that 
PDGFRα signalling in the presomitic mesoderm is reduced in Ift144twt mice. Inconsistent with this 
hypothesis, Pdgfrα null mice develop smaller gonads (Brennan et al., 2003). Nevertheless, it is 
possible that any changes in gonad-metanephric domain ratios are masked from an overall reduction 
in whole embryo size, and a reduction in proliferation and reduced mesonephric cell migration into 
the XY gonad (Brennan et al., 2003; Soriano, 1997). 
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4.5.5 Implications for human ciliopathies  
The present study represents the first detailed analysis of the embryonic gonadal phenotype of a 
mouse mutant with primary cilia trafficking defects. Like a number of IFT-A mouse mutants, 
Ift144twt mice display a complex phenotype involving an expansion of ligand-independent hedgehog 
signalling in some contexts, while cells derived from these embryos show a reduced ability to 
respond to upstream activation of the pathway (Ashe et al., 2012; Liem et al., 2012). Notably, other 
IFT-A mouse mutants show a similar rib branching phenotype including Ift140cauli and Ift139alien 
(Herron et al., 2002; Miller et al., 2013), suggesting that they may also have an expanded gonad 
domain. Having shown that primary cilia are present in the embryonic gonad, it would be 
interesting to examine other mouse mutants with perturbed primary cilia trafficking such as IFT-B 
mutants, which predominantly show reduced Hedgehog signalling, for example Ift88 hypomorphic 
mice (Liu et al., 2005). However, to our knowledge, no reported IFT-B mouse mutants have a 
similar somite/rib phenotype to Ift144twt embryos, suggesting that the gonad domain would not be 
expanded in these mice.  
 
Our finding that Ift144twt embryonic gonads are larger than wild-type is inconsistent with gonadal 
hypoplasia identified in some human ciliopathies (Green et al., 1989; Klein and Ammann, 1969; 
McLoughlin and Shanklin, 1967). However, it is possible that these cases of reported 
hypogonadism are secondary to hypothalamic defects (Perez-Palacios et al., 1977; Soliman et al., 
1996; Toledo et al., 1977), whereas gonad hyperplasia in Ift144twt embryos clearly results from 
primary defects in embryo patterning. Analysis of additional primary cilia biogenesis and 
trafficking mouse mutants will help to further define the function of primary cilia signalling in 
embryonic gonad patterning and differentiation, and clarify reproductive phenotypes of individuals 
with ciliopathies. 
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4.6 Supplemental material 
 
Supplemental Table S4.1 Primers used for qRT-PCR. Primers are listed 5’-3’. 
SYBR green primers 
 Forward primer Reverse primer 
Sox9 AGTACCCGCATCTGCACAAC TACTTGTAATCGGGGTGGTCT 
Mvh CAGGAATGCCATCAAAGGAACAAC CCCAACAGCGACAAACAAGTAACTG 
Nr5a1 TCCAGTACGGCAAGGAAGA CCACTGTGCTCAGCTCCAC 
Scc CAGTGATGACCTATTCCGCTTTTCC TCTGGTAGACAGCATTGATGAACCG 
Wnt4 CCGGCGCTGGAACTGTT GCTGCATGCCCTTGTCACT 
Foxl2 GCTACCCCGAGCCCGAAGAC GTGTTGTCCCGCCTCCCTTG 
Dhh CCCGACATAATCTTCAAGGATGA GCGATGGCTAGAGCGTTCAC 
Ptch1 GGAAGGGGCAAAGCTACAGT TCCACCGTAAAGGAGGCTTA 
Ptch2 GTCCACCTAGTGCTCCCAAC CTCAGCTCCTGAGCCACATT 
Gli1 CTGACTGTGCCCGAGAGTG CGCTGCTGCAAGAGGACT 
Gli2 GCAGACTGCACCAAGGAGTA CGTGGATGTGTTCATTGTTGA 
Hhip GTGTTCGGAGATCGCAATG TTTTCTTGCCATTGCTTGGT 
Rps29 TGAAGGCAAGATGGGTCAC GCACATGTTCAGCCCGTATT 
Sdha TGTTCAGTTCCACCCCACA TCTCCACGACACCCTTCTGT 
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Supplemental Figure 4.1. The development of the urogenital ridge is perturbed in Ift144twt mice at 17.5 dpc.  
(A) Brightfield images of dissected urogenital ridges from Ift144twt mice indicates that the kidneys (K) are of the same 
size as wild-type (WT), whereas the gonads (G) are bigger. In addition, Ift144twt ovaries, O, are localised on the ventral 
rather than the dorsal side of the kidney, in a more anterior position than those in WT embryos, as indicated by square 
brackets. n=5-8 (B) Brightfield images of dissected XY gonads and reproductive tracts found that the epididymis was 
dilated and uncoiled in one XY Ift144twt mouse, as indicated by an asterisk *. n=1/8. Scale bar, 2 mm. 
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Supplemental Figure 4.2. The development of the urogenital ridge is perturbed in Ift144twt mice at 13.5 dpc.  
The anterior pole of the gonad is more cranial in male (A) and female (B) urogenital systems at 13.5 dpc. Dotted line 
indicates the testis (T) or ovary (O). Arrow head indicates anterior limit of the kidney, arrow indicates anterior limit of 
the gonad/mesonephros. (C) Quantification of the length of the adrenal glands at 13.5 dpc. Unpaired two-tailed 
Student’s T-test was used to assess statistical significance  ****p<0.0001, n.s. not significant. n=4 pairs of adrenals. 
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Supplemental Figure 4.3. STRA8 is not ectopically expressed in Ift144twt testes.  
Section immunofluorescence analysis of 13.5 dpc embryos for MVH (green), and STRA8 (red), did not detect any 
ectopic expression of STRA8 in germ cells localised to the posterior pole of Ift144twt testes. DAPI (blue) marks cell 
nuclei. Dotted line indicates gonad tissue. Scale bars, 100 µm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental Figure 4.4. Ptch1 and Gli1 expression is unchanged in Ift144twt testes at 10.5 dpc.  
Whole mount in situ hybridisation for Gli1 and Ptch1 detected equivalent expression in Ift144twt mesonephroi, 
compared to wild-type and did not detect any expression in the gonad (indicated by dotted line). n=3.  
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Chapter 5 SOX9 REGULATES THE microRNAs miR-202-5p/3p IN XY 
GONAD DIFFERENTIATION. 
5  
Results presented as manuscript submitted to Biology of Reproduction. 
 
The manuscript as published in Biology of Reproduction [2013 Aug 15] is attached in Appendix, 
page 187. 
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5.1 Abstract 
 
MicroRNAs are important regulators of developmental gene expression, but their contribution to 
fetal gonad development is not well understood. We have identified the evolutionarily conserved 
gonadal microRNAs miR-202-5p and miR-202-3p as having a potential role in regulating mouse 
embryonic gonad differentiation. These microRNAs are expressed in a sexually dimorphic pattern 
as the primordial XY gonad differentiates into a testis, with strong expression in the Sertoli cells. In 
vivo, ectopic expression of pri-miR-202 in XX gonads did not result in molecular changes to the 
ovarian determination pathway. Expression of the primary transcript of miR-202-5p/3p remained 
low in XY gonads in a conditional Sox9-null mouse model, suggesting that pri-miR-202 
transcription is downstream of SOX9, a transcription factor that is both necessary and sufficient for 
male sex determination. We identified the pri-miR-202 promoter that is sufficient to drive 
expression in XY but not XX fetal gonads ex vivo. Mutation of SOX9 and SF1 binding sites 
reduced ex vivo transactivation of the pri-miR-202 promoter, demonstrating that pri-miR-202 may 
be a direct transcriptional target of SOX9/SF1 during testis differentiation. Our findings indicate 
that expression of the conserved gonad microRNA, miR-202-5p/3p, is downstream of the testis-
determining factor SOX9, suggesting an early role in testis development.  
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5.2 Introduction 
 
The differentiation of the gonads during mammalian embryogenesis is a critical developmental 
process since it determines the phenotypic sex of the fetus. Gonads develop from the indifferent or 
bipotential genital ridges, which can differentiate into two morphologically and functionally distinct 
organs, testes or ovaries. This decision depends on whether or not the Y chromosomal, male-
determining gene Sry is expressed. The expression of Sry initiates a cascade of gene expression and 
regulation resulting in the formation of a testis (Koopman et al., 1991b). Subsequently, hormones 
produced by the testis orchestrate the differentiation of the rest of the body to a male phenotype. 
The critical transcriptional target of SRY is Sox9, which is both necessary and sufficient for male 
sex determination and development. In humans, loss of a fully functional SOX9 results in the 
disorder campomelic dysplasia, which is frequently characterized by sex reversal in XY individuals 
(Foster et al., 1994; Wagner et al., 1994).  
 
In the absence of a completely functional Sry, the female program of gene expression marked by 
Wnt4, Rspo1 and Foxl2, is initiated and an ovary will develop, which in turn results in a female 
phenotype. There is a fine balance between the testicular- and ovarian-specific network of gene 
expression, and disturbance can result in a tipping of the balance in one or the other direction (Kim 
et al., 2006). 
 
MicroRNAs are a class of single-stranded non-coding RNAs of approximately 22 nucleotides (nt) 
in length that post-transcriptionally regulate mRNAs. Most miRNAs are transcribed by RNA 
polymerase II as a long primary transcript termed pri-miRNA. In the nucleus, the microprocessor 
complex consisting of the RNase-III enzyme Drosha and its RNA-binding partner DGCR8, 
processes the pri-miRNA into an ~70 nt precursor miRNA, the pre-miRNA hairpin (Hutvagner et 
al., 2001; Lee et al., 2003). The pre-miRNA is then processed in the cytoplasm to a ~22 nt double 
stranded RNA by the RNAase III enzyme Dicer (Hutvagner et al., 2001). One of the strands or both 
strands (3p and 5p) are incorporated into the RNA-induced silencing complex, RISC. The miRNA-
loaded RISC then regulates its target mRNA by affecting mRNA translation and/or stability usually 
by binding to 3’ untranslated regions (3’UTR) (reviewed in (Bartel, 2004)). MicroRNAs are 
important regulators of developmental gene expression, but their role in fetal gonad development is 
poorly understood.  
 
Several studies have indicated that miRNAs are likely to regulate the mammalian reproductive 
system. Microarray and cloning approaches have identified known and novel miRNAs in the fetal 
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and postnatal testis and ovary in a variety of species (Bannister et al., 2009; Michalak and Malone, 
2008; Mishima et al., 2008; Ro et al., 2007a; Ro et al., 2007b). The contribution of miRNAs in 
general has been studied using Dicer1-null mice, in which the processing of canonical miRNAs is 
abolished. While mutant embryos generated from Dicer1-null oocytes failed to proceed to a two-
cell embryo, mice homozygous for a hypomorphic allele developed normally except for female 
infertility associated with corpus luteum insufficiency (Otsuka et al., 2008). Furthermore, mice with 
Dicer1 deleted specifically in germ cells showed arrest of spermatogenesis (Hayashi et al., 2008; 
Korhonen et al., 2011; Liu et al., 2012).   
 
Deletion of Dicer1 in the Sertoli cell lineage at 13.5 days post coitum (dpc), using Dicer1fl/fl:Amhcre 
mice, resulted in progressive postnatal testis degeneration and infertility from a failure of Sertoli 
cell maturation (Kim et al., 2010; Papaioannou et al., 2009). In addition, genetic ablation of Dicer1 
alleles in SF1-positive gonadal somatic cells from 10 dpc resulted in postnatal testis degeneration 
(Huang and Yao, 2010). While these studies demonstrate that miRNAs have a significant role in 
postnatal testicular somatic cell function, the mouse models do not address the role of miRNAs in 
fetal Sertoli cells, since it is unclear at what stage Dicer1 protein is lost. Moreover, when Dicer1 
alleles were excised at 13.5 dpc, a significant decrease in the expression of miRNAs was only 
evident at postnatal day 5 (Papaioannou et al., 2009). 
 
We have screened previously the small RNA population of differentiating XY and XX gonads 
using high-throughput sequencing to identify microRNAs that may regulate mouse embryonic 
gonad development (Rakoczy et al., 2013). We detected the microRNAs miR-140-5p/miR-140-3p 
as being expressed in differentiating testes.  Investigation of pre-miR-140 null mice identified that 
Leydig cell development was perturbed with an increase in Leydig cell number, supporting a role 
for microRNAs in early gonad development (Rakoczy et al., 2013). To further characterize the role 
of microRNAs in regulating developmental events during sex determination and gonadal 
development, we investigated the expression and regulation of the conserved gonadal microRNAs 
miR-202-5p and miR-202-3p, and found them to be expressed in a testis-enriched pattern, with 
strong expression in Sertoli cells, the organizing cells of the XY gonad. We showed that pri-miR-
202 is likely to be a direct transcriptional target of SOX9, suggesting an early role in testis-specific 
organogenesis.  
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5.3 Materials and Methods 
 
5.3.1 Mouse strains 
Embryos were collected from timed matings of outbred CD1 mice, with noon of the day on which 
the mating plug was observed designated 0.5 dpc. For more accurate staging, the tail somite (ts) 
stage of the embryo was determined by counting the number of somites posterior to the hind limb 
(Hacker et al., 1995). Using this method, 10.5 dpc corresponds to approximately 8 ts, 11.5 dpc to 
18 ts, and 12.5 dpc to 30 ts. Zfy PCR was used to determine the sex of the embryos before 
morphological gonad differentiation (Svingen et al., 2007). The generation of cytokeratin 19 
Ck19;Sox9-null mice have been described previously (Barrionuevo et al., 2006). The generation of 
Cited2-null mice on a C57BL/6 background has been described previously (Barbera et al., 2002). 
Cited2-null mouse samples were between 24-27ts. The BAC transgenic mouse vector used to drive 
pri-miR-202 under the control of the regulatory regions of Wt1 and the BAC Wt1:202-IRESeGFP 
transgenic lines were generated as described previously (Polanco et al., 2010). Seven positive 
transgenic mice were generated that stably transmitted the Wt1:202-IRES-eGFP transgene (Tg) 
through the germ line. However, analysis only detected expression of the transgene in one mouse 
line. This line was subsequently characterized further. Tg mice were analyzed on a mixed Agouti 
and C57BL/6 background. Genotyping primers used are provided in Supplemental Table S1. 
Protocols and use of animals were approved by the Animal Welfare Unit of the University of 
Queensland, which is registered as an institution that uses animals for scientific purposes under the 
Queensland Animal Care and Protection Act (2001). 
 
5.3.2 In situ hybridization  
Probes used were pri-miR-202 (entire AK144366 transcript), miR-202-3p (miRCURY LNA™ 
Detection probe, EXIQON, 39487-01), mir-202-5p (miRCURY LNA™ Detection probe, EXIQON, 
39486-01), Scrambled (miRCURY LNA™ Detection probe, EXIQON, 99004-01). Section ISH 
(sISH) for pri-miR-202 was performed as previously described (Wilhelm et al., 2007a) with 
hybridization of the probe at 65°C. The color reaction was performed for equal amounts of time on 
XY and XX sections at the same time point. For microRNA section in situ hybridization with 
digoxigenin- (DIG-) labeled LNA probes, whole embryos were fixed in 4% (w/v) 
paraformaldehyde (PFA) at 4°C overnight, then washed with 1× phosphate buffered saline (PBS), 
incubated in 30% sucrose solution for 6 hours and then snap frozen in OCT (Tissue Tek). LNA 
sISH was performed on 10 µm sagittal sections as described previously (Pena et al., 2009; Wilhelm 
et al., 2007a), unless otherwise stated. After proteinase K digestion and 4% PFA fixation, slides 
were incubated in imidazole (Sigma-Aldrich) buffer (1.6 mL imidazole, 148.35 mL of water, 
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450 µL of HCl (32%) and 9.6 mL of 5M NaCl). A 2 h fixation with 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (Sigma-Aldrich) solution diluted in imidazole buffer, final 
concentration of 0.16M, pH8 (Pena et al., 2009). Hybridization of the probes was performed at 
20°C below the probe Tm, as recommended by the manufacturer (EXIQON); 56°C for mir-202-3p, 
47°C for miR-202-5p and 47°C for Scrambled. RNA probe was detected by incubation with BM 
Purple, AP Substrate (Roche). Slides were mounted in 70% glycerol and imaged with an Olympus 
BX-51 microscope. Section ISH followed by immunohistochemistry was performed as described 
previously (Kashimada et al., 2011). 
 
For fluorescence sISH, embryos were dissected at 13.5 dpc and fixed in 4% (w/v) PFA at 4°C 
overnight, and washed with 1×PBS and embedded in paraffin. Paraffin sections (7 µm) were 
mounted on Superfrost Plus slides (Menzel-Glaser), and processed as previously described 
(Wilhelm et al., 2007a). Fluorescent detection of the DIG-labeled probe was achieved by incubation 
in detection buffer (100 mM Tris HCl pH8, 100 mM NaCl, 10 mM MgCl2) for two times twenty 
minutes and then incubation in 10 µL 2-hydroxy-3-naphtoic acid-2’-phenylanilide phosphate 
(HNPP; Roche) and 10 µL of Fast Red TR (Roche) solution per mL of detection buffer for two 
hours at room temperature. 
 
For whole-mount ISH (wISH), dissected gonads/mesonephroi were fixed in 4% PFA in PBTX 
(PBS containing 0.1% Triton X-100) for several hours at 4°C. wISH with DIG-labeled RNA probes 
were carried out as described elsewhere (Hargrave and Koopman, 1999).  
 
5.3.3 Immunofluorescence  
Paraffin sections (7 µm) of mouse embryos were processed as described previously (Polanco et al., 
2010). The primary antibodies against endogenous mouse antigens used for this study were goat 
anti-GFP (Abcam, AB5450) used at 1:200, rabbit anti-MVH (Abcam, 13840) used at 1:400, rabbit 
anti-FOXL2 (Polanco et al., 2010) used at 1:600, goat anti-AMH (SC-5279, Santa Cruz) used at 
1:400, rabbit anti-SOX9 used at 1:200 (Wilhelm et al., 2005) and anti-Isolectin B4 (L2140, Sigma 
Aldrich) used at 1:200. The secondary antibodies used were donkey anti-goat Alexa 488 
(Invitrogen, A11055) used at 1:200, donkey anti-goat HRP (Abacus ALS, 705-035-003), goat anti-
rabbit Alexa 594 (Invitrogen, A11034) used at 1:200, donkey anti-rabbit Alexa 568 (Invitrogen, 
A10042) used at 1:200, biotinylated anti-rabbit (Amersham) and 4′,6-Diamidino-2-phenylindole 
(DAPI, from Molecular Probes, 2 ng/µl in PBS) used at 1:1000 to visualize nuclear DNA in 
immunofluorescence using a Zeiss LSM 510 Meta confocal microscope. 
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5.3.4 Quantitative RT-PCR (qRT-PCR) 
qRT-PCR using SYBR green (Invitrogen) was performed as described previously (Svingen et al., 
2009a). qRT-PCR at all time points was performed on gonad-only samples, with mesonephroi 
removed. Sox9-null samples were normalized to endogenous housekeeping genes Rn18s (Svingen 
et al., 2009a). Cited2-null samples were normalized to Sdha, n=3 (Svingen et al., 2009a). WT1-202 
Tg samples were normalized to Tbp, n=3-4 (Svingen et al., 2009a). Taqman miRNA qRT-PCR 
reactions were performed according to the manufacturer Applied Biosystems instructions for miR-
202-5p (#4395709), miR-202-3p (#4373311) and sno202 (#4380914). Reverse transcriptase 
reactions were set up with 50 ng of RNA per sample. qPCR reactions were normalized to the small 
nucleolar RNA sno202 (Bjork et al., 2010) and used to calculate the relative fold change in 
accordance with the delta-delta CT method (Livak and Schmittgen, 2001). Where appropriate, 
comparisons of gene expression levels were analyzed using unpaired, two-tailed, Students t-test 
(PRISM software version 5.0; GraphPad). SYBR green primers used are provided in Supplemental 
Table 5.2. 
 
5.3.5 Cell sorting 
Two 13.5 dpc Sf1-eGFP (Beverdam and Koopman, 2006) litters were dissected in cold PBS and the 
sex determined by the presence or absence of testis cords before the gonad was separated from the 
mesonephros. Gonads were enzymatically dissociated into a single cell suspension in 0.25% 
Trypsin-EDTA (Gibco) with 5 U/ml DNase1 (Sigma) for 20 min at 37oC while rocking. Cells were 
further dissociated using a 18-gauge and then a 23-gauge syringe. Cells were pelleted by 
centrifugation at 3000 rpm at 4oC. The dissociation solution was removed and cells resuspended in 
400 mL of ice-cold PBS and stored on ice. Cells were incubated with 2 mL SSEA1-PE antibody 
(BD Biosciences) for 20 min to tag germ cells, and germ and eGFP-positive cells were sorted using 
a BD FACSAria Cell Sorter at the Queensland Brain Institute of the University of Queensland, 
Brisbane, Australia. Collected cell populations were kept on ice before RNA extraction. Cells from 
two independent sorting experiments were pooled for analysis.  
 
5.3.6 Electrophoretic mobility shift assay  
Electrophoretic mobility shift assay was performed as described previously (Wilhelm et al., 2007a) 
using recombinant, bacterially expressed GST fusion proteins of the full-length mouse SOX9, and 
FGFR2. Oligonucleotides harboring SOX site are provided in Supplemental Table S5.1.  
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5.3.7 Gonad explant culture and transient transfection analysis 
Promoter fragments were cloned into pGL2 vector. Primers used to amplify promoters and to 
perform site-directed mutagenesis are listed in Supplemental Table S5.1. Transient transfection 
assays in gonad explant cultures were performed using previously described methods (Gao et al., 
2011). Briefly, gonads were harvested from 13.5-14.5 dpc embryos of CD1 mice. Transfections 
were performed by injecting a DNA cocktail containing 4 µg/µL pGL2 construct plus 2 µg/µL 
SV40-Renilla plasmid DNA. Less than 1 µL DNA was injected spread over three sites within the 
gonad. Following injection, 20 µL of sterile PBS was placed on the gonad for electroporation. 
Immediately thereafter, 5 square electrical pulses of 65 Volts, 50 ms each at 100 ms intervals were 
delivered through platinum electrodes from an electroporator. After electroporation, gonads were 
placed back into culture for 24 hours. Explant cultures were maintained at 37°C with 5% CO2/95% 
air in a 50 µL droplet of Dulbecco’s Minimal Eagle Medium (DMEM), supplemented with 10% 
fetal calf serum and 50 mg/mL ampicillin (Yao and Capel, 2002). Upon harvest, transfected gonad 
explants were washed three times with PBS, and then placed in 40-100 µL of Passive Lysis Buffer 
(Promega, Madison, WI) and manually disrupted with a pipet tip and subjected to three freeze/thaw 
cycles to optimize cell lysis. Reporter activity was measured using 20 µL cell lysate using the Dual 
Reporter Detection system according to manufacturer’s recommendations (Promega, Madison, WI). 
Each construct was injected in at least three gonads of each sex and each experiment was repeated 
at least four times. Data was subjected to a one-way ANOVA and with a Dunnett's multiple 
comparisons post-hoc test where all the columns were tested against the control promoter.  
 
5.3.8 MicroRNA target prediction 
mRNA targeted by the most prevalent strands of miR-140-3p (miR-140*) and miR-202-5p were 
predicted using TargetScan 5.2 Custom (Lewis et al., 2005), MirWalk (Dweep et al., 2011) and 
RNA22 (Miranda et al., 2006). For TargetScan only genes with an exact match to positions 2-8 of 
the mature miRNA were considered as truly targeted (8mer and 7mer-m8 site types). Genes 
predicted to be targeted by at least two of these programs were considered as a conservative set of 
miR-202-5p targets. Genes predicted to be targeted by both miR-140-3p and miR-202-5p by any of 
these programs were considered as shared targets of these miRNAs.  
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5.4 Results 
 
5.4.1 miR-202 is a conserved microRNA that is expressed in mouse embryonic gonads 
We have previously screened the small RNA population of differentiating XY and XX gonads 
using high-throughput sequencing to identify microRNAs that may regulate embryonic gonad 
development (Rakoczy et al., 2013). This strategy was used to identify the microRNA miR-140-
3p/5p, which modulates Leydig cell differentiation in the fetal XY gonad, validating that the screen 
identified functionally important microRNAs. This approach also revealed miR-202-5p/3p as 
potential candidate to regulate fetal testis differentiation (Rakoczy et al., 2013). Furthermore, we 
found the primary transcript, pri-miR-202, to be testis-enriched expressed during mouse gonad 
development in a microarray designed to detect long non-coding RNAs (Chen et al., 2012). While 
some pre-miRNAs are processed from introns of protein-coding genes, pri-miR-202 is transcribed 
as an independent non-coding transcript, AK144366. The sequence of the microRNA miR-202 is 
conserved in vertebrates (Fig. 5.1A) and was previously shown to be expressed in adult testes of 
human, mouse, Xenopus, Atlantic halibut (Bizuayehu et al., 2012; Michalak and Malone, 2008; 
Novotny et al., 2007; Ro et al., 2007a) and fetal testes of chicken (Bannister et al., 2009).  
 
In order to determine whether miR-202 is expressed in mouse embryonic gonads, we performed 
section ISH for the primary transcript of miR-202, pri-miR-202 (Fig. 5.1B). Pri-miR-202 was 
detected in both XY and XX gonads at 11.5 dpc. As the gonads differentiate, strong expression of 
pri-miR-202 was evident in the testis around the edge of the cords. Testis cords are comprised of 
clusters of germ cells surrounded by Sertoli cells, suggesting that pri-miR-202 is expressed in 
Sertoli cells. Weak detection of pri-miR-202 in the ovary at 12.5 and 13.5 dpc, demonstrated that it 
is dimorphically expressed as the gonads differentiate. Fluorescent ISH on XY gonads at 13.5 dpc 
detected pri-miR-202 in nuclear subdomains (Fig. 5.1C), as would be expected for a primary 
miRNA transcript. Section ISH, combined with immunohistochemistry staining for the cytoplasmic 
Sertoli cell marker AMH, showed that pri-miR-202 and AMH co-localise within the same cells 
(Fig. 5.1D). Therefore, pri-miR-202 is expressed within the nucleus of Sertoli cells. Expression of 
pri-miR-202 was not detected at earlier stages of embryonic development (Supplemental Fig. S5.1). 
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Figure 5.1 Pri-miR-202 is expressed in the nucleus of Sertoli cells in the embryonic XY gonad.  
(A) The sequence of miR-202-5p (green) and miR-202-3p (red) is conserved in vertebrates, Hsa: human, Mmu: mouse, 
Gga: chicken, Dre: zebrafish. (B) Section ISH in XY and XX gonads for pri-miR-202 at 11.5 dpc, 12.5 dpc and 13.5 
dpc demonstrated expression in testis cords. Scale bar, 100 µm. (C) Section fluorescent ISH of 13.5 dpc testes for pri-
miR-202 (red) and DAPI marking the nuclei (blue). Arrow indicates pri-miR-202 in nuclear subdomains within the 
testis cords. At low magnification, dotted line marks gonad and at high magnification, dotted line marks testis cords. 
Scale bar, 100 µm (left panel) and 50 µm (right panel). (D) Section ISH of XY gonads at 13.5 dpc for pri-miR-202 
(purple) with immunohistochemistry for AMH (brown). Arrows indicate nuclear pri-miR-202 and cytoplasmic AMH 
within the same cell. Asterisks mark germ cells with no AMH or pri-miR-202 expression. At low magnification, dotted 
line marks gonad and at high magnification (region marked by rectangle in left panel), dotted line marks testis cords. 
Scale bars, 100 µm (left panel) and 50 µm (right panel). 
 
5.4.2 miR-202-5p and miR-202-3p expression is sexually dimorphic 
Having detected embryonic expression of pri-miR-202 in fetal gonads, we next investigated 
whether pri-miR-202 is processed to mature miRNAs and quantified the relative expression levels 
between XY and XX gonads. qRT-PCR on gonad-only tissue detected expression of both miR-202-
3p and miR-202-5p in embryonic gonads, with increasing levels of expression as the gonads 
differentiate (Fig. 5.2A). By 13.5 dpc, the expression of both strands was significantly higher in 
testes compared to ovaries. This expression pattern was confirmed by a high-throughput sequencing 
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approach using RNA from mouse embryonic gonads from 11.5 to 13.5 dpc (Supplemental Fig. 
S5.2, (Rakoczy et al., 2013)), which also indicated that in the embryonic gonad, miR-202-5p is the 
predominantly expressed miRNA strand from the pre-mir-202 hairpin.  
 
LNA section ISH was then used to confirm that miR-202-3p is processed within the same cell type 
as the primary transcript (Fig. 5.2B). In the XY gonad, miR-202-3p was detected in the cytoplasm 
of cells towards the edge of the testis cords, a pattern consistent with expression in Sertoli cells. The 
opposing hairpin strand, miR-202-5p, was also detected by LNA ISH in Sertoli cells; however, 
signal was also detected at other sites in the embryo that we were unable to validate by high-
throughput sequencing (data not shown), suggesting that the miR-202-5p probe may not be specific. 
To further confirm the expression of miR-202-5p in somatic but not germ cells, we performed qRT-
PCR with sorted gonadal cells from 13.5 dpc Sf1-eGFP embryos (Beverdam and Koopman, 2006). 
Germ cells were isolated using an anti-SSEAI antibody, and pooled Sertoli and Leydig cells based 
on the expression of eGFP driven by the Sf1 promoter (Beverdam and Koopman, 2006). qRT-PCR 
for the Sertoli cell marker Sox9 and the germ cell marker Mvh showed that, while some germ cells 
were present in the eGFP-positive cell population, the germ cell population was free of Sertoli and 
Leydig cells (Fig. 5.2C, left and middle panel). qRT-PCR for miR-202-5p demonstrated that this 
miRNA was highly enriched (500-fold higher) in the eGFP-positive cell fraction as compared to 
isolated germ cells (Fig. 5.2C, right panel), further corroborating our ISH results. Therefore, miR-
202-5p/miR-202-3p is expressed in a sexually dimorphic pattern during embryonic gonad 
development and localizes to Sertoli cells in the testis. 
 
5.4.3 In vivo overexpression of pri-miR-202 in XX gonads 
To investigate the function of pri-miR-202 in vivo, we generated a mouse model in which pri-miR-
202 was overexpressed in embryonic gonadal somatic cells. This mouse model was used to 
determine whether overexpression of pri-miR-202 disturbs the ovarian pathways of gene 
expression. We overexpressed pri-miR-202, together with eGFP driven by an internal ribosome 
entry site (IRES), under the control of the regulatory region of the Wilms’ tumor suppressor gene 
Wt1. We chose the regulatory region of Wt1 because this gene is expressed in the somatic cells of 
XX and XY genital ridges from approximately 10.5 dpc (Armstrong et al., 1993). This strategy was 
used previously to show that ectopic expression of Sox10 in an XX gonad was able to direct 
testicular development (Polanco et al., 2010). All transgenic XX and XY mice were fertile and 
survived to adulthood.  
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Figure 5.2 miR-202-5p/3p are expressed in a dimorphic manner as gonads differentiate.  
(A) Taqman quantitative RT-PCR detected expression of miR-202-3p and miR-202-5p in XY (blue) and XX (pink) 
gonads at 11.5 dpc, 12.5 dpc and 13.5 dpc. n=3, Error bars represent SEM. *p<0.05 by unpaired students t-test. (B) 
Section ISH for pri-miR-202, miR-202-3p (LNA modified probe), and scrambled (LNA modified probe) in XY gonads 
at 13.5 dpc. Arrows indicate co-localization on adjacent sagittal sections between pri-miR-202 nuclear staining and 
miR-202-3p cytoplasmic staining. At low magnification, dotted line marks gonad tissue and at high magnification, 
dotted line marks testis cords.  Scale bars, 100 µm (left panels) and 20 µm (right panels). (C) Quantitative RT-PCR for 
the Sertoli cell marker Sox9 (left panel), the germ cell marker Mvh (middle panel) and miR-202-5p (right panel) relative 
to Tbp and sno202, respectively, of isolated germ cells and eGFP-positive cells from 13.5 dpc Sf1-eGFP testes. Error 
bars represent technical SEM. 
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Investigation of transgenic testes by immunofluorescence showed that eGFP is expressed in Sertoli 
cells at 13.5 dpc as expected (Supplemental Fig. S5.3A). However, surprisingly, although the 
primary transcript, pri-miR-202, was increased approximately 2-fold (Supplemental Fig. S3B, left 
panel), the level of the processed, mature microRNA miR-202-5p, was not significantly changed 
(Supplemental Fig. S5.3B, right panel). Accordingly, we did not observe any phenotypic changes in 
developing transgenic testes at 13.5 dpc as determined by immunofluorescence for the Sertoli cell 
marker AMH, the germ cell marker MVH, the Leydig cell marker SCC and the endothelial cell 
marker isolectin B4 (Supplemental Fig. S5.3C). 
 
Analysis of transgene expression by immunofluorescence detected eGFP in the XX gonad at 11.5, 
13.5 and 15.5 dpc in heterozygous transgenic mice (Fig. 5.3A), demonstrating that the transgene is 
also expressed during XX embryonic gonad development. Co-localization of eGFP with markers of 
XX somatic cells (FOXL2) and germ cells (MVH) at 13.5 dpc demonstrated that this expression 
was restricted to the somatic cell lineage in the XX gonad as expected (Fig. 5.3B).  Quantitative 
RT-PCR at 13.5 dpc detected significantly increased expression of pri-miR-202 and miR-202-5p in 
the heterozygous (Tg/Wt) and homozygous (Tg/Tg) transgenic XX gonads compared to wild type 
XX gonads (Wt/Wt). The expression of pri-miR-202 in XX Tg/Wt gonads and the expression of the 
predominant mature microRNA, miR-202-5p, in XX Tg/Tg gonads were comparable to the level in 
wild type testes (Fig. 5.3C).  
 
To determine whether ovarian development was perturbed in Tg/Tg XX mice, several markers of 
XX and XY gonad development were examined. FOXL2, a marker of ovarian somatic cells, was 
expressed at wild type levels in Tg/Wt, Tg/Tg XX gonads at 11.5, 13.5 and 15.5 dpc (Fig. 5.4A). 
Further, the ovarian somatic cell genes Wnt4 and Rspo1 showed no significant change in expression 
in XX Tg/Wt, Tg/Tg gonads compared to XX Wt/Wt at 13.5 dpc (Fig. 5.4B), suggesting that ovarian 
somatic cell determination proceeds normally. In addition, the expression of Sertoli cell genes Sox9 
and Amh, and the Leydig cell gene Hsd3β, were unchanged in Tg/Wt, Tg/Tg XX gonads compared 
to wild type at 13.5 dpc (Fig. 5.4B), showing that the cells did not differentiate into testicular 
somatic cells. Furthermore, there was no change in the expression of the germ cell marker Mvh, 
suggesting that germ cells are present at wild type numbers. Taken together, no changes to 
molecular sex determination pathways and gonad development were detected in transgenic gonads. 
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Figure 5.3 Wt1:202-IRES-eGFP transgenic mice express pri-miR-202 in ovarian somatic cells.  
(A) Immunofluorescence on paraffin sections for eGFP (green) detected transgene expression in transgenic mice from 
11.5 to 15.5 dpc. Scale bar, 100 µm. (B) In the XX gonad at 13.5 dpc, eGFP (green) co-localizes with FOXL2 (red) in a 
subset of the somatic cells (upper panels), but not MVH (red) in germ cells (bottom panels). White dashed lines indicate 
gonad tissue and cell nuclei are visualized with DAPI (blue). Scale bars, 100 µm (left panels) and 50 µm (right panels). 
(C) Quantitative RT-PCR detected expression of pri-miR-202 and miR-202-5p at 13.5 dpc, with increasing expression 
in XX heterozygous Tg/Wt and XX homozygous Tg/Tg gonads compared to XX wild type (WT). Expression of pri-
miR-202 was normalized to Tbp and expression of miR-202-5p was normalized to the small nucleolar RNA sno202. 
n=3-6. Error bars represent SEM. 
 
To further assess miR-202-5p function, we queried for potential target genes using TargetScan, 
miRWalk and RNA22 (Dweep et al., 2011; Lewis et al., 2005; Miranda et al., 2006). This analysis 
identified a total of 36 genes that were predicted to be targeted by at least two algorithms 
(Supplemental Table S5.2). Interestingly, 11 of the 36 target genes were also putative target genes 
of miR-140-3p (Supplemental Table S5.2, right column), a microRNA we previously showed to be 
expressed in Sertoli cells of the developing testis (Rakoczy et al., 2013).  
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5.4.4 Pri-miR-202 expression is perturbed in the absence of SOX9 and SF1 
Expression of pri-miR-202 in Sertoli cells during XY gonad differentiation suggested that 
regulation of pri-miR-202 transcription might be downstream of the transcription factor SOX9. To 
test this hypothesis, pri-miR-202 expression was investigated in a mouse model where SOX9 
expression is absent. The expression of pri-miR-202 was examined in testes of mouse embryos in 
which Sox9 was conditionally inactivated from 10.5 dpc; these embryos were generated by mating 
Sox9flox/flox mice with mice expressing Cre recombinase under the control of the cytokeratin 19 
promoter (Barrionuevo et al., 2006). Expression of pri-miR-202 was examined in testes between 
15 ts (approximately 11.2 dpc) and 27 ts (approximately 12.5 dpc). At all stages tested, the 
expression of pri-miR-202 in Sox9-null XY gonads was weaker that that seen in wild type XY 
gonads (Fig. 5.5A). These mice display complete sex reversal, with occasional ovotestis formation 
(Barrionuevo et al., 2006). Importantly, the expression of pri-miR-202 was reduced in those 
samples prior to morphological sex reversal (15, 16, and 18 ts). Therefore, these data suggest that 
pri-miR-202 transcription is downstream of SOX9.  
 
Since SOX9 directly up-regulates a number of genes in testes in conjunction with SF1 (De Santa 
Barbara et al., 1998; Sekido and Lovell-Badge, 2008), we investigated the expression of pri-miR-
202 in Cited2 (Glu/Asp-rich carboxyl-terminal domain 2) null mice. Sf1-null mice display complete 
gonad agenesis with gonads regressing after sex determination (Luo et al., 1994b), thus prohibiting 
investigation of downstream targets of SF1 in this mouse model. CITED2 interacts with the 
transcription factor WT1, and together functions to ensure elevated Sf1 levels. Cited2-null mice 
exhibit a delay in the testis determination program that results from the failure of enhanced Sf1 
expression and not as a direct consequence of loss of Cited2 (Buaas et al., 2009). Sf1 expression 
levels recover by 12.5 dpc (30 ts) in Cited2-null gonads (Combes et al., 2009b), and so we 
examined the expression of pri-miR-202 at 24-27 ts in XY gonads. Relative to wild type, the 
expression of pri-miR-202 was significantly reduced in Cited2-null testes, suggesting that pri-miR-
202 transcription is downstream of SF1 (Fig. 5.5B).  
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Figure 5.4 Sexual development of the gonad is normal in XX Wt1:202-IRES-eGFP mice.  
(A) Immunofluorescence on paraffin sections for FOXL2 detected somatic cells at 11.5 dpc, 13.5 dpc and 15.5 dpc XX 
Wt1:202-IRES-eGFP mice. Arrows indicate FOXL2 positive cells and asterisks indicate non-specific fluorescence of 
blood cells. Scale bars, 100 µm for 11.5 dpc (top panel) and 200 µm for 12.5 and 13.5 dpc (middle and bottom panel). 
(B) Quantitative RT-PCR did not detect any change in expression of male somatic cell marker Sox9, fetal Leydig cell 
marker Hsd3β and germ cell marker Mvh or female somatic cell markers Wnt4 and Rspo1. Error bars represent SEM, 
n=3-4. Ns, not significant. 
 
5.4.5 SOX9 and SF1 regulate pri-miR-202 expression via a 4kb promoter 
Since pri-miR-202 transcription is evidently downstream of SOX9, we reasoned that SOX9 might 
directly transactivate the pri-miR-202 promoter. A ~4 kb region proximal to the pri-miR-202 
transcription start site (Fig. 5.6A), WT promoter 1 (WT prom 1), was cloned into a luciferase 
reporter plasmid to study the putative promoter activity. This vector was electroporated into fetal 
gonad explants and ex vivo luciferase assays were performed. The ~4 kb promoter region showed 5- 
to 6-fold transactivation in 13.5 dpc XY gonads compared to 13.5 dpc XX gonads (Fig. 5.6B), 
suggesting that this region contains at least some of the regulatory elements required for pri-miR-
202 transactivation. For the majority of assays, transactivation of WT promoter 1 in XX gonads was 
too low to be detected. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5 pri-miR-202 expression is reduced in Sox9-null and Cited2-null XY gonads.  
(A) pri-miR-202 expression in cytokeratin 19;Sox9-null mice. Each data point is representative of n=1 and shown 
relative to a tail somite-matched wild type sample. Expression is normalized to 18S. Error bars represent technical error. 
(B) pri-miR-202 expression in XY Cited2-null mice at 12.25 dpc. n=3, expression is normalized to Sdha and is 
represented relative to wild type expression. *p<0.05, by unpaired students t-test. Error bars represent SEM. 
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Bioinformatics analysis of the 4 kb proximal promoter identified several SOX and SF1 consensus 
binding sites (Fig. 5.6A), (A/T)(A/T)CAA(A/T)G and GTCAAGGTCA respectively (De Santa 
Barbara et al., 1998; Sekido and Lovell-Badge, 2008). Based on mammalian conservation and 
proximity to putative SF1 binding sites, several putative SOX sites were selected for analysis of in 
vitro SOX9 binding, including a SOX site 0.1kb proximal to the transcription start site, SOX-0.1 
(Fig. 5.6A and C).  
 
Electrophoretic mobility shift assays were performed to identify whether SOX9 could bind directly 
to these elements (only SOX-0.1 shown). Non-denaturing polyacrylamide gel electrophoresis 
identified a shift in the migration of wild type (WT) SOX-0.1 DNA fragment with glutathione-S-
transferase- (GST) -tagged SOX9 that was not evident with GST-tagged fibroblast growth factor 
receptor 2 (FGFR2) protein, suggesting that GST-SOX9 bound to the SOX-0.1 element (Fig. 5.6D). 
Mutation of the SOX consensus site (MUT SOX-0.1) prevented this binding, suggesting that it was 
a sequence specific interaction (Fig. 5.6D). Therefore, these data show that SOX9 binds to SOX-0.1 
in vitro. 
 
Site-directed mutagenesis was then used to introduce the mutated SOX-0.1 into the 4 kb putative 
pri-miR-202 promoter luciferase reporter vector that was previously utilized for the ex vivo gonad 
luciferase assays. In addition, three other promoter reporters were generated; the full-length 4 kb 
promoter with a mutated SF1-0.1 site and two truncated regions of the 4 kb wild type promoter 
(WT promoter 2 and 3), 3.5 kb and 0.5 kb (Fig. 5.6A). Subsequently, ex vivo gonad luciferase 
assays in XY gonads were performed using these modified promoter regions. Truncation of the 4 kb 
wild type promoter region resulted in a loss of promoter activity, suggesting that critical regulatory 
elements are contained within the full-length 4 kb region. Furthermore, mutation of the SOX-0.1 
site or the SF1-0.1 site abolished the transactivation of the wild type promoter, suggesting that 
SOX9 and SF1 directly regulate the pri-miR-202 promoter via these regulatory elements (Fig. 
5.6E). 
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Figure 5.6 pri-miR-202 promoter activity requires SOX9 binding element.  
(A) In silico analysis of the putative pri-miR-202 promoter shows several potential SOX binding sites (blue) and SF1 
binding sites (purple) with emphasis on SOX-0.1 and SF1-0.1 sites. Regions included in promoter constructs used in B 
and E (WT prom 1, 2 and 3, SOX-0.1 MUT and SF1-0.1 MUT) are indicated. (B) Ex vivo gonad luciferase assays with 
4 kb wild type promoter in XY and XX 13.5 dpc gonads. In most assays, transactivation was not detected in XX gonads 
and XX transactivation reflects the few assays that detected activity above baseline. (C) Conservation of the DNA 
sequence in mammals of the SOX-0.1 element. (D) Electrophoretic mobility shift assay with wild type (WT) or mutated 
(MUT) SOX-0.1 element from the pri-miR-202 promoter. Radioactively labeled DNA was incubated with either GST-
SOX9 or GST-FGFR2 as control. Black arrow indicates bound probe, red arrow indicates free probe. (E) Ex vivo gonad 
luciferase assays in XY 13.5 dpc gonads with 4 kb wild type promoter (WT prom 1), 3.5 kb wild type promoter (WT 
prom 2), 0.5 kb wild type promoter (WT prom 3), SOX-0.1 mutant promoter, SF1-0.1 mutant promoter. Dual luciferase 
activity of each promoter was normalized to testes electroporated with pGL2-basic control vector. Following 
normalization, the fold change of each promoter construct was calculated relative to the WT promoter 1 activity. None 
of the promoter constructs expressed measurable luciferase activity in XX gonads (data not shown). Error bars represent 
SEM. Data was subjected to a one-way ANOVA and with a Dunnett's Multiple comparison post-hoc test against the 
control WT promoter 1. *p<0.05, **p<0.01, n=4. 
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5.5 Discussion 
 
Mammalian sex is determined by a balance of male- and female-inducing factors, most notably 
SRY, SOX9, and FGF9, promoting testicular differentiation and WNT4, RSPO1 and FOXL2, 
promoting ovarian differentiation. Since microRNAs are known to function in fine-tuning of gene 
expression and enforcing developmental decisions, we investigated if microRNA gene regulation 
plays a role in sex determination in the mouse model system. Here, we examined the expression, 
regulation and function of the microRNAs miR-202-5p and miR-202-3p in mouse embryonic 
gonads, identifying these miRNAs as candidates to regulate embryonic testis development. In 
addition, we showed that the expression of these miRNAs are likely to be regulated directly by the 
testis-determining factor SOX9, demonstrating that SOX9 function is not only important for the 
regulation of protein-coding genes but also non-coding RNAs. 
  
5.5.1 Conserved testicular expression of miR-202-5p/3p 
The miRNA miR-202-5p/3p is a member of the let-7 family. Let-7 and its family members are 
highly conserved across species both in sequence and function, with an increase of let-7 expression 
generally associated with cell differentiation (for review see (Roush and Slack, 2008)). We found 
that miR-202-5p/3p is upregulated in Sertoli cells during mouse testis differentiation. Interestingly, 
previous studies suggested that miR-202 is expressed in both somatic and germ cells postnatally (Ro 
et al., 2007a), suggesting that its expression is up-regulated in germ cells at later stages during 
development. The testis-enriched expression during gonad differentiation is conserved in birds, with 
chicken showing high miR-202-5p/3p expression in developing testes as compared to ovaries 
(Bannister et al., 2009). Furthermore, the association of pri-miR-202 with the male gonad 
differentiation program was investigated in an avian model of sex reversal where estrogen synthesis 
was manipulated in ovo. In this sex reversal system, the expression of miR-202-5p decreased in 
feminized ZZ gonads and increased in masculinized ZW gonads, demonstrating that miR-202-5p 
expression is associated with male gonad development.  
 
In addition, the expression of miR-202-5p/3p has been detected in immature and mature gonads in a 
number of vertebrate species, including Atlantic halibut, pig, human, mouse and Xenopus 
(Bizuayehu et al., 2012; Li et al., 2011; Michalak and Malone, 2008; Otsuka et al., 2008; Ro et al., 
2007a). Thus, the evolutionary conserved expression pattern of miR-202-5p/3p suggests that it plays 
a role during fetal testis differentiation and possibly has a function in postnatal testis and ovary.  
 
5.5.2 Transcriptional regulation of pri-miR-202 expression 
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The transcription of microRNAs as long primary transcripts by RNA polymerase II is regulated by 
transcription factors. SOX9 is a master regulator of Sertoli cell differentiation in mouse and 
humans, being both necessary and sufficient for testis determination (Chaboissier et al., 2004; Vidal 
et al., 2001; Wagner et al., 1994). A number of direct target genes for SOX9 have been identified 
and shown to have important functions in Sertoli cell differentiation, maintenance and male sex 
determination, such as anti-Müllerian hormone, which promotes regression of the Müllerian duct 
(Arango et al., 1999; De Santa Barbara et al., 1998) and prostaglandin D synthase, which functions 
in a positive feedback loop to ensure Sox9 expression and therefore Sertoli cell differentiation 
(Wilhelm et al., 2007a; Wilhelm et al., 2005). SOX9 has previously been shown to regulate the 
expression of another miRNA, pri-miR-140, which is contained within an intron of the Wwp2 gene 
(Nakamura et al., 2011; Yamashita et al., 2012). Therefore, direct transcriptional regulation of 
microRNA gene expression may be an important contribution to the function of SOX9 protein.  
 
Investigation of pri-miR-202 expression in the Ck19;Sox9-null mouse model demonstrated that pri-
mR-202 expression was dependent on SOX9. There were several limitations with using this mouse 
model. The number of samples available was limited, with only one in 64 embryos generated being 
the correct Sox9-null XY genotype (Barrionuevo et al., 2006). Furthermore, the dynamic increase in 
expression of Sox9 (Bullejos and Koopman, 2005) and pri-miR-202 from 11.5 dpc to 12.5 dpc 
prohibited similarly staged samples, such as 15 ts, 16 ts and 18 ts, from being pooled as previously 
published (Bowles et al., 2009). However, at all time points there was a clear trend that pri-miR-202 
expression was reduced and notably, expression was reduced in samples prior to morphological sex 
reversal. 
 
Characterisation of the putative pri-miR-202 promoter ex vivo suggested that SOX9 and SF1 
transactivate pri-miR-202 through this genomic region, with mutation of a specific SOX and SF1 
binding site ameliorating this transactivation. These results were further supported in vivo in the 
Cited2-null mouse model. These mice have been previously shown to have reduced Sf1 expression 
(Buaas et al., 2009; Combes et al., 2009b), which was associated with reduced pri-miR-202 
expression. However, a truncation of the wild type promoter region, which still contained the 
identified SOX and SF1 binding sites, also reduced transactivation, demonstrating that additional 
regulatory elements are required for full promoter activity. Bioinformatics analysis identified, in 
addition to the SOX and SF1 binding sites, GATA4, FOXL2, SMAD, and KRAB binding sites, all 
factors that have been shown to play a role in mammalian gonad development (Ottolenghi et al., 
2005; Polanco et al., 2010; Tevosian et al., 2002). Given that pri-miR-202 is expressed in the 
developing ovary at 11.5 dpc, but down-regulated thereafter, it is possible that the putative FOXL2 
143 
binding sites are important for the repression of this non-coding RNA in ovarian somatic cells. In 
addition, we identified a putative paired-SOX binding site within this deleted region. Paired-SOX 
sites have been shown to be important for full activation by SOX9 (Bridgewater et al., 2003). 
However, electrophoretic mobility shift assays did not confirm SOX9 binding to this DNA 
sequence in vitro (data not shown), suggesting that SOX9 binding to this paired-SOX site does not 
play a role in the transcriptional activation of pri-miR-202. In summary, our data from the 
expression analysis in Sox9 and Sf1 loss-of-function mouse models, and mutation of the pri-miR-
202 promoter, support the conclusion that SOX9/SF1 positively regulates pri-miR-202 expression 
during testicular development. 
 
5.5.3 The function of miR-202-5p/3p 
Previous studies have addressed the global function of microRNAs by deletion of Dicer1 in the 
Sertoli cell lineage at 13.5 dpc using the Amh-Cre or at 10 dpc using the Sf1-Cre (Gonzalez and 
Behringer, 2009; Kim et al., 2010; Nagaraja et al., 2008; Papaioannou et al., 2009). In both mouse 
models, a phenotype was only evident in the postnatal testis (Gonzalez and Behringer, 2009; Kim et 
al., 2010; Nagaraja et al., 2008; Papaioannou et al., 2009). Interestingly, the expression of Sertoli 
cell-specific miRNAs in Dicer1;Amh-Cre testes were only significantly reduced at P5, despite 
ablation of Dicer1 twelve days earlier (Papaioannou et al., 2009), suggesting that miRNAs are 
inherently stable in Sertoli cells and/or DICER1 protein itself has a long half-life in Sertoli cells, 
making it difficult to study the function of miRNAs in fetal sex determination and early gonad 
development. Therefore, the function of microRNAs in somatic gonad development should be 
addressed by a candidate-based approach.  
 
To date, no direct physiological function for miR-202-5p/3p has been identified. Our present data 
suggest that ectopic expression of pri-miR-202 in XX transgenic mice does not overtly influence 
sex determination, although it may prove to have an important role in testis differentiation and 
function. A possible explanation for the lack of observable effect is that the endogenous targets of 
miR-202-5p/3p may not be present in ovarian somatic cells and thus, rather than inhibiting ovarian-
determining pathways, miR-202-5p/3p may regulate testis-specific gene networks. Bioinformatics 
analysis, using the stringent criterion that a gene must be identified as a potential target by at least 
two algorithms, revealed 36 genes as target genes of miR-202-5p (Supplemental Table S2). Eleven 
of the 36 miR-202-5p target genes were also predicted to be targeted by miR-140-3p (Supplemental 
Table S2), which is co-expressed with miR-202-5p in Sertoli cells in the early XY gonad (Rakoczy 
et al., 2013). However, none of these targets has a known role in sex determination and early gonad 
development. In the gain-of-function experiment we have tested whether pri-miR-202 can act as a 
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dominant testis-determining factor, which precludes analysis of a possible function in enforcing the 
male determination program or in supporting decisions of testis differentiation. Therefore, the 
generation of pri-miR-202-null mice is required before the function of miR-202-5p/3p can be 
defined in XY gonadal somatic cells.  
 
Our transgenic mouse model resulted in the overexpression of pri-miR-202 not only in somatic cells 
of the ovary, but also in Sertoli cells within the developing testis. Intriguingly, while we detected an 
increase in the level of the primary transcript in transgenic testes, this did not result in an increase in 
the processed, mature miRNA, suggesting a testis-specific negative feed-forward loop. This 
regulation could be at the Drosha level, as has been described for a number of proteins and 
signaling pathways such as the DEAD-box RNA helicases p68 and p72 (Fukuda et al., 2007), BMP 
signaling (Davis et al., 2008) and LIN28 (for review see: (Viswanathan and Daley, 2010)), at the 
level of miRNA export by exportin-5, similar to what has been described for miR-105, miR-128 and 
miR-31 (Lee et al., 2008), or through the control of cleavage by Dicer. The exact mechanism of the 
here identified testis-specific processing is currently not known and needs further, more detailed 
investigation, including its specificity for processing of miR-202.  
 
In the emerging paradigm of miRNA regulation of gene expression, it appears that microRNAs can 
be grouped into three categories. First, miRNAs may act as a switch to regulate a sharp 
developmental decision, usually through one main target gene. Second, miRNAs may regulate 
networks of genes to enforce stochastic developmental decisions. Third, miRNAs may regulate 
gene networks that buffer perturbation of normal physiological processes (reviewed in (Ebert and 
Sharp, 2012; Herranz and Cohen, 2010)). To that end, it would be interesting to cross pri-miR-202-
overexpressing transgenic mice onto a partial XX sex reversed genetic background, such as Wnt4-
null mice, to determine whether pri-miR-202 can enforce testicular differentiation in the context of 
a weaker ovarian program.  
 
Alternatively to its physiological role, miR-202-5p/3p expression has been shown to be associated 
with pathological conditions, suggesting a function in a disease setting. Human miR-202-5p was 
one of ten microRNAs up-regulated in ovarian endometriomas compared with normal endometrium 
(Hawkins et al., 2011). In addition, miR-202-3p was found to directly repress the expression of the 
proto-oncogene myelocytomatosis viral related oncogene, neuroblastoma derived (avian) Mycn, 
suggesting a function for miR-202-5p/3p as a tumor suppressor (Buechner et al., 2011). Should 
miR-202-5p/3p function to provide robustness to gene networks by attenuating aberrant transcripts; 
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perhaps investigation of miR-202-5p/3p in mouse models of ovarian and testicular cancer will 
clarify its biological function. 
 
In summary, we have detected that pri-miR-202 and miR-202-5p/miR-202-3p are up-regulated 
during fetal testis differentiation with strong expression in Sertoli cells. In vivo, expression of pri-
miR-202 in XX gonads does not disrupt XX embryonic sex determination and differentiation. 
Furthermore, we have demonstrated that a 4 kb putative promoter region of pri-miR-202 is 
sufficient to drive dimorphic expression between XY and XX gonads ex vivo, and pri-miR-202 may 
be a direct transcriptional target of SOX9/SF1. From the reported data, we conclude that up-
regulation of miR-202-5p/miR-202-3p marks XY gonad differentiation and functions downstream 
of the testis-determining factors SOX9 and SF1. However, definition of the function of pri-miR-202 
in the XY gonad requires the generation of pri-miR-202-null mice. 
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5.6 Supplemental material 
Supplemental Table S5.1 Primers used for qRT-PCR, genotyping transgenic mice, cloning 
pri-miR-202 promoter fragments and electrophoretic mobility shift assay (EMSA). In EMSA 
oligonucleotides, bold text indicates the predicted SOX9 or SF1 binding site and mutated 
nucleotides are underlined. 
 
SYBR green primer 
 Forward primer Reverse primer 
Sox9 AGTACCCGCATCTGCACAAC TACTTGTAATCGGGGTGGTCT 
Amh CGAGCTCTTGCTGAAGTTCCA GAAGTCCACGGTTAGCACCAA 
Hsd3β GGACAAAGTATTCCGACCAGAAACC CAGCAGTGTGGATGACAACAGAGATG 
Wnt4 CCGGCGCTGGAACTGTT GCTGCATGCCCTTGTCACT 
Rspo1 CGACATGAACAAATGCATCA CTCCTGACACTTGGTGCAGA 
Pri-miR-202 AGTGATTCCTACGCAAGCGG AGTGATTCCTACGCAAGCGG 
18S GATCCATTGGAGGGCAAGTCT CCAAGATCCAACTACGAGCTTTTT 
Tbp ACGGACAACTGCGTTGATTTT ACTTAGCTGGGAAGCCCAAC 
Sdha TGTTCAGTTCCACCCCACA TCTCCACGACACCCTTCTGT 
Cloning/EMSA primer 
WT promoter 1 CTGAAGCCTGGTTCTCTACGTGAA GGACTTGGCTGTTGCTCGGTGAA 
WT promoter 2 CATCCAGGTTCTGTAGTTCTCAA TTCACCGAGCAACAGCCAAGTCC 
WT promoter 3 CTCAAGCCTGGCCTCTAGCAA TTCACCGAGCAACAGCCAAGTCC 
SOXWT-0.1 TATTCACACCAGGTCTTTGTGCCCCA
GCCT 
AGGCTGGGGCACAAAGACCTGGTGTG
AATA 
SOXMUT-0.1 TATTCACACCCTGACGACGCGCCCCA
GCCT 
AGGCTGGGGCGCGTCGTCAGGGTGTG
AATA 
SF1WT-0.1 TGCGCTGGCCAAGGTCTCAGCCGT ACGGCTGAGACCTTGGCCAGCGCA 
SF1MUT-0.1 TGCGCAGGTCTCGCTCGCAGCCGT ACGGCTGCGAGCGAGACCTGCGCA  
WT1-202-GFP Tg mouse genotyping primers 
Wt1 promoter -  
pri-miR-202 
GTGCGTCCAGCAGCCGGAGCAA GCATTGCCATTCTGTGAAGTGAT 
Gfp CACCATCTTCTTCAAGGACGAC GTCACGAACTCCAGCAGGACC 
Hprt TGAGGTAAGCCCAACGCTCT CGTTTCTGAGCCATTGCTGA 
qRT-PCR GFP CAGAAGAACGGCATCAAGGTG GGACTGGGTGCTCAGGTAGTG 
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Supplemental Table S5.2 Predicted targets for miR-202-5p and miR-140-3p. Genes predicted to 
be targeted by miR-202-5p by at least two of the three programs used. Genes in bold are also 
predicted to be targeted by miR-140-3p by at least one of the algorithms. 
 
 miRNA 
 miR-202-5p miR-140-3p 
Gene Symbol TargetScan MirWalk RNA22 TargetScan MirWalk RNA22 
Actn1         
Api5         
Arhgef6             
Bicd2             
Cnnm3             
Cnot2         
Col8a1         
Csad         
Ddx3x         
Erbb2ip             
Fam60a          
Fmnl2             
Glyctk             
Gid8         
Golim4         
Hes5         
Kras         
Lbr         
Marcks             
Med1         
Med15         
Mllt1         
Naa15         
Nr2e1 (Tlx)         
Nr2f2 (Coup-TF II)             
Pan3         
Pcgf2         
Pcif1         
Pdha1         
Pias1             
Plekha1             
Ppp5c         
Rnf11         
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Rnf21         
Wipi2         
Zfhx4         
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Supplemental Figure 5.1 pri-miR-202 is not expressed during early embryogenesis.   
Whole-mount ISH for pri-miR-202 during embryonic development from 7.5 dpc to 10.5 dpc did not detect expression 
of pri-miR-202 during early embryonic development. 13.5 dpc XY gonad was included as a positive control. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental Figure 5.2 miR-202-5p and -3p are expressed in a dimorphic manner as gonads differentiate with 
the miR-202-5p strand being the predominantly expressed strand.  
High-throughput sequencing counts for miR-202-5p and miR-202-3p in XY (blue) and XX (pink) gonads at 11.5 dpc, 
12.5 dpc and 13.5 dpc. 
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Supplemental Figure 5.3 Testicular differentiation is normal in Wt1:202-IRES-eGFP mice.  
(A) Immunofluorescence on paraffin sections for eGFP (green) detected transgene expression in XY transgenic mice at 
13.5 dpc. eGFP (green) co-localizes with SOX9 (red) in Sertoli cells. White dashed lines indicate gonad tissue and cell 
nuclei are visualized with DAPI (blue). Scale bars, 100 µm (left and middle panel) and 50 µm (right panel). (B) 
Quantitative RT-PCR for pri-miR-202 (left graph) and miR-202-5p (right graph) at 13.5 dpc, showed increased 
expression of pri-miR-202 but not miR-202-5p in heterozygous (Tg/Wt) compared to wild type (Wt/Wt) testes. 
Expression of pri-miR-202 was normalized to Tbp and expression of miR-202-5p was normalized to the small nucleolar 
RNA sno202. n=3, error bars represent SEM. (C) Immunofluorescence on paraffin sections for the Sertoli cell marker 
AMH (green, left panel, germ cell marker MVH (red, second panel), fetal Leydig cell marker SCC (green, third panel) 
and vascular marker IsolectionB4 (red, right panel) did not detect any phenotypic changes in transgenic testes at 
13.5 dpc. Scale bars, 100 µm. 
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Chapter 6: DISCUSSION 
6  
6.1 Overview 
 
During embryonic development, the intermediate mesoderm contributes the majority of the cell 
lineages in the urogenital system. Some of this mesenchymal cell population differentiates to form 
the epithelial Wolffian ducts and together with the remaining mesenchyme, extends along the 
length of the embryonic axis before termination in the cloaca. This apparently simple structure—an 
epithelial duct and adjacent mesenchyme—must be delineated into the gonad, reproductive tract 
and kidney primordia. How a dialogue between the WD and nephrogenic cord, and an imposing 
direction from the embryo blueprint, regulate the patterning of the urogenital system is unclear. 
Investigation of the contrasting phenotypes detailed in these studies (Fig. 6.1) has yielded a number 
of novel observations and generated a new understanding of the cellular events and signalling 
pathways required for the patterning and differentiation of the urogenital ridge. Herein are 
discussed some remaining questions that have arisen from this work. 
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Figure 6.1 An overview of the mouse models investigated in this thesis.  
In Chapter 2, it was identified that Robo2-null embryos have expanded metanephric mesenchyme (MM) and an increase 
in the number of caudal mesonephric tubules (MTcd). In addition the MM fails to separate from the WD resulting in 
ectopic ureteric bud (UB) induction. In Chapter 3, Wnt5a-null embryos were found to display a defect in WD migration 
to the cloaca, a decrease in the number of mesonephric tubules and a reduced anterior-posterior urogenital axis 
concomitant with reduced anterior-posterior extension of the embryo axis. In Chapter 4, Ift144twt embryos were 
identified as having an increased anterior-posterior gonad domain from a concomitant increase in the length of the 
embryo trunk axis. In Chapter 5, the regulation and function of the microRNAs miR-202-5p/3p was investigated in 
testis differentiation. 
 
6.2 Future directions  
 
6.1.1 Does cell migration regulate UB induction? 
Our finding that ROBO2 regulates the separation of the MM away from the WD suggests a novel 
role for cell migration in early kidney morphogenesis. Given that: (1) ROBO-SLIT signalling 
provides a repulsive signal to regulate cell migration in a number of embryonic tissues; (2) ROBO2 
is expressed in SIX2-positive cells; and (3) SIX2-positive cells are mis-localised close to the SLIT2 
source in Robo2-null embryos, we propose a model where GDNF-RET provides an attractive cue 
for epithelial outgrowth of the UB towards the MM, with SLIT2-ROBO2 signalling repelling the 
MM away until the UB is able to invade the MM (Fig. 6.2).  
 
So what might stop the MM from continuing to be repelled from the UB? Intriguingly, other mouse 
lines with perturbation of cell adhesion show complementary phenotypes of mis-localisation of 
SIX2 cells to Robo2-null embryos. In mouse mutants with loss-of-function of the MM-expressed 
Integrin α-8, UB outgrowth and MM separation from the WD proceeds correctly, however, the UB 
fails to invade the MM appearing to “run away” from the UB (Linton et al., 2007; Uchiyama et al., 
2010). Interestingly, integrin-mediated adhesion has been reported to regulate the responsiveness of 
ROBO to repellent signals provided by SLIT (Stevens and Jacobs, 2002). Taken together, it is 
possible that loss-of-function of Integrin α-8 may cause hypersensitivity to SLIT2 mediated 
repulsion of the MM, preventing the UB tip from interacting with the MM. Investigating a genetic 
interaction between ROBO2 and Integrin α-8 by crossing the respective null mice together to create 
an allelic series would be helpful in exploring this hypothesis further.  
 
Time-lapse microscopy performed in kidney development has thus far focused on understanding the 
movement of epithelial cells during branching. Investigation of the cellular dynamics of kidney 
epithelial cells has revealed dichotomous branching morphogenesis of the ureteric tree, identified 
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competitive cell behavior in response to GDNF and defined a novel mode of epithelial cell division 
(Chi et al., 2009; Packard et al., 2013; Watanabe and Costantini, 2004). On the other hand, the 
dynamics of SIX2-positive cells are unclear but could be defined by live-imaging approaches 
utilising available transgenic mouse lines where fluorescent proteins are expressed in SIX2-
expressing cells (Kobayashi et al., 2008). Moreover, combining SIX2 reporter transgenic mice with 
transgenic mouse lines with fluorescent reporters marking the Wolffian duct and ureteric tree will 
address the global dynamics of how these two important cell populations interact. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2 Proposed model for ROBO2-SLIT2 in regulating UB outgrowth  
It is hypothesised that a balance between attraction of the UB towards the MM from GDNF-RET signalling and 
repulsion of the MM away from the WD by SLIT2-ROBO2 signalling regulates UB outgrowth and allows the ureteric 
mesenchyme (UM) to become sandwiched between the WD and MM.    
 
It is intriguing to think that the embryo has evolved such an elaborate transcriptional and signalling 
mechanism for the sole purpose of induction of a single epithelial bud. A promising new 
development in kidney research has been recent work showing that pluripotent stem cells can be 
differentiated to form kidney organoids in vitro (Takasato et al., 2014). This provides hope for the 
future development of kidney models for drug sensitivity screens and renal regeneration treatment 
strategies for kidney disease. Understanding the nexus between what is known about the molecular 
basis of kidney induction and the cellular interactions on a global and single cell level may hold the 
key to understanding how to grow a “kidney in a dish”.  
 
6.1.2 How does caudal embryo extension regulate urogenital anterior-posterior patterning? 
Recently, the embryonic origin of the MM has been called into question based on discrepancies 
between the expression and functional capacity of Osr1-positive intermediate mesoderm. Osr1 is 
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expressed in the intermediate mesoderm and lateral plate mesoderm from 7.5 dpc and is required 
for the development of the cap mesenchyme (James et al., 2006; Wang et al., 2005). Temporal fate 
mapping of Osr1-expressing cells at 7.5 dpc and 8.5 dpc has demonstrated that this lineage gives 
rise to the ureteric epithelium and cap mesenchyme (Mugford et al., 2008b). In addition, Osr1-
positive cells at 7.75 dpc contribute to mesonephric tubules (Mugford et al., 2008a), suggesting that 
the both the mesonephric and metanephric progenitors are derived from an Osr1-positive 
intermediate mesoderm prior to 8.5 dpc.  However, a recent study has disputed the competency of 
the early intermediate mesoderm to give rise to the MM, arguing that the anterior and the posterior 
intermediate mesoderm have a different origin (Taguchi et al., 2014). Using an in vitro assay for 
nephron induction, Taguchi et al found that GFP-tagged Osr1-positive nephrogenic cord cells from 
the anterior mesonephros at 9.5 and 10.5 dpc have a reduced capacity to differentiate into nephrons 
compared to Osr1-positive cells from the metanephros of the embryo at 10.5 and 11.5 dpc, 
suggesting temporal and spatial heterogeneity in the nephrogenic cord. Somewhat surprisingly, 
Osr1-positive cells at 8.5 dpc did not have the capacity to differentiate into nephrons in vitro, 
whereas the Osr-1-negative cell fraction did. Lineage tracing of T (Brachyury)-expressing nascent 
mesoderm at 8.5 dpc gave rise to only the most posterior parts of the embryo including the MM and 
but not the UB, suggesting these T-positive mesoderm is an alternative source of the MM. 
Subsequently, T-positive cells at 8.5 dpc were able to be differentiated in vitro into MM using 
known factors that regulate embryo posterior development (Taguchi et al., 2014).   
 
These findings challenge the long held view that the nephrogenic cord extends from the pronephric 
anlage to the metanephros, and instead support a model where the MM differentiates from posterior 
mesoderm progenitors as the embryo extends. However, the experiments presented in the study by 
Taguchi et al support an alternative source for the MM rather than providing definitive proof. At 
12-somites or 8.5 dpc, WD-specific gene expression has been reported in the pronephros (Bouchard 
et al., 2002), suggesting that the epithelial and mesenchymal compartments are already functionally 
distinct. Thus it is perhaps unsurprising that T-positive mesoderm does not contribute to the UB. 
Indeed, while isolated Osr1-positive and T-positive cells at 8.5 dpc appear to be functionally 
distinct in vitro, it was not definitively shown that Osr1-positive and T-positive cells are mutually 
exclusive. In addition, the capacity of T-positive cells to contribute to the mesonephric tubules was 
not reported, making it unclear how specific the T-positive cell contribution is to the metanephros at 
8.5 dpc. It would be more convincing to perform a detailed time series of T-positive cell lineage 
tracing from 8.5 dpc -9.5 dpc and show that the T-positive cells contributed to different anterior-
posterior levels of the linear urogenital ridge as development progressed. Moreover, it is hard to 
reconcile how Osr1-positive cells can contribute to the cap mesenchyme at 7.5 and 8.5 dpc in 
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lineage tracing experiments, but when purified out of the embryo at 8.5 dpc do not have the 
capacity to differentiate into nephrons. It would be of interest to perform lineage-tracing 
experiments of Pax2-positive cells to determine whether they give the same results as Osr1-positive 
cell lineage tracing for the cap mesenchyme. Perhaps it is a combination of extension of the 
nephrogenic cord and contribution from a T-positive progenitor cell population that underlies 
nephrogenic cord differentiation and heterogeneity? Clearly this area is still open to interpretation 
and more work is needed to define the origins and mode of differentiation of the nephrogenic cord. 
 
What is clear is that posterior cues from the embryo axis are required for mesonephric versus 
metanephric specification. While Hox11 paralogue expression defines the anterior limit of the 
metanephros, ectopic expression of Hoxd11 along the length of the nephrogenic cord was not 
sufficient to alter the size of the metanephric domain (Mugford et al., 2008a). A fine balance of 
WNT and RA signalling is also required for posterior and the metanephric development. Analysis 
of Ift144twt embryos presented in this thesis identified an anterior-posterior expansion of the gonad 
domain with a concomitant extension in the embryo trunk length, supporting a model where gonad-
extrinsic factors are the main determinants of mesonephric/gonad domain length. Furthermore, the 
phenotype of Ift144twt embryos suggested that metanephric/mesonephric specification is regulated 
by the relative position of pro-metanephric signals in the posterior region of the embryo with what 
is left over becoming the mesonephros/gonad, rather than any autonomous signals dividing the 
space in a predefined ratio. 
 
In addition, analysis of Ift144twt and Wnt5a-null embryos suggested a relationship between 
somitogenesis and WD migration during trunk extension. Time-lapse imaging in chicken embryos 
has shown that the WD migrates in register with somite segmentation, suggesting that they are a 
coupled process (Atsuta et al., 2013). However, surgical ablation of the WD in chicken embryos 
does not affect somitogenesis suggesting that if a relationship does exist, it is uni-directional (Kruck 
et al., 2013). With the absence of the paraxial mesoderm in Foxc1;Foxc2 double-null embryos, the 
WD is disorganised and fails to extend posteriorly, supporting a role for paraxial mesoderm in 
extension of the WD (Wilm et al., 2004). Our finding that Ift144twt embryos have an increase in the 
length of the WD associated with an increased embryo trunk length from a defect in somitogenesis, 
further supports a link between WD extension and somite segmentation. During WD migration, RA 
is generated by somites, with the concentration of RA reduced in the tail bud from Cyp26a1 
expression (Chia et al., 2011; Niederreither et al., 2002). The WD shows strong staining for RA 
signalling activity via the RARE-lacZ transgenic mouse reporter line during migration, suggesting 
that in normal development the WD responds to the RA produced by the somites and possibly 
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additional embryonic trunk sources (Abu-Abed et al., 2001). In addition, the importance of RA 
signalling to WD migration has been demonstrated by analysis of mouse mutants with reduced or 
increased RA concentrations resulting in WD migration defects (Abu-Abed et al., 2001; Chia et al., 
2011; Niederreither et al., 2002). In Wnt5a-null mice, it is hypothesised here that the failure of 
anterior-posterior extension of the embryo axis results in the WD becoming exposed to increased 
RA concentrations from the somites and other embryonic trunk sources. Although our results 
require further validation, they provide added support of a link between WD migration and 
signalling from the somites during axis extension. 
 
6.1.3 Do microRNAs function in the embryonic gonad? 
 
Analysis of miR-202 in gonad differentiation identified that pri-miR-202 expression was 
downstream of the testis-determining factor SOX9. However, investigation of transgenic mice 
where pri-miR-202 was over-expressed in the embryonic ovary did not identify a functional role for 
miR-202 in regulating sex determination or gonad differentiation. Over-expression of testis-
expressed factors in the ovary has previously yielded important biological insight into the function 
of regulators of testis determination and differentiation (Polanco et al., 2010). However, as a 
method for investigating microRNA function, which relies on the co-expression of target genes 
within the same cell, it is likely a loss-of-function strategy would be more useful than the gain-of-
function approach employed here.  
 
Investigation of the function of the testis-enriched microRNAs miR-140-3p/5p identified that XY 
miR-140-3p/5p-null mice display a significant increase in the number of Leydig cells (Rakoczy et 
al., 2013). While the molecular mechanism for this is unclear, it provides genetic evidence that 
microRNAs function in testis differentiation. Moreover, this study demonstrates the power of taking 
a loss-of-function approach to investigate the consequences of microRNA dysfunction in the correct 
cellular-context. In another study, the microRNA miR-124 was detected as being expressed in the 
foetal ovary, with ex vivo loss-of-function experiments identifying that miR-124 directly repressed 
the expression of SOX9 (Real et al., 2013). Therefore, individual microRNAs function in 
embryonic testis and ovary development, suggesting that further interrogation of the function of 
miR-202 by a loss-of-function approach may yet define a role for this microRNA in testis 
development. Many microRNAs share the same seed sequence and form microRNA families that 
can compensate for each other in loss-of-function experiments. However, with the development of 
CRISPR technology in mammalian cells (Cong et al., 2013) it is now possible to target multiple 
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related microRNAs simultaneously in loss-of-function experiments, improving the feasibility of 
characterising microRNA function in development and disease.   
 
One of the puzzling findings from analysis of pri-miR-202 transgenic mice was that the primary 
transcript of pri-miR-202 was processed to mature microRNAs in the embryonic ovary, but not in 
the embryonic testis. Corroborating our findings, over-expression of miR-124 was sufficient to 
induce the repression of SOX9 in chondrogenic cells but not in Sertoli cells ex vivo (Real et al., 
2013). Thus, it is likely that additional regulation of the microRNA cellular machinery exists in 
embryonic Sertoli cells. Indeed, the mechanism and functional relevance of limiting microRNA 
processing and/or function would be interesting to examine in future studies. 
 
6.1.4 Conclusion 
 
In this thesis, the mechanisms underpinning what restricts gonad, mesonephric, and kidney 
specification during intermediate mesoderm differentiation were investigated. Using a diverse set of 
genetic mouse models with loss-of-function of Robo2 and Wnt5a, and dysfunction of Ift144, the 
contribution of urogenital-intrinsic and extrinsic factors was examined and elucidated a number of 
novel insights into how the urogenital system is partitioned in development. The Robo2-Slit2 
signalling pathway was found to be critical for restricting the metanephric domain by regulating the 
spacing of between the nehrogenic cord and WD, suggesting a possible role for chemo-repulsion in 
early kidney specification. In addition, investigation of Wnt5a-null mice identified that loss of 
Wnt5a and/or reduced trunk extension is required for WD patterning, possibly through changes to 
the gradient of RA in the embryonic trunk. Moreover, dysfunction of Ift144, resulted in elongation 
of the gonad domain from expansion of the embryonic trunk domain, thereby cementing a 
functional link between extension of the WD and gonad domain, and embryonic trunk extension. 
ROBO2, WNT5A and IFT144 have been found to be mutated in human individuals with congenital 
anomalies, suggesting that the developmental insight gained in these studies will assist in our 
understanding of the basis of their cognate human disease. In addition, a non-coding RNA, miR-
202, was characterised in gonad differentiation, paving the way for further exploration of this class 
of regulatory molecules.    
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The issues of whether and how some organs coordinate their size and shape with the blueprint of the
embryo axis, while others appear to regulate their morphogenesis autonomously, remain poorly
understood. Mutations in Ift144, encoding a component of the trafﬁcking machinery of primary cilia
assembly, result in a range of embryo patterning defects, affecting the limbs, skeleton and neural system.
Here, we show that embryos of the mouse mutant Ift144twt develop gonads that are larger than wild-
type. Investigation of the early patterning of the urogenital ridge revealed that the anterior–posterior
domain of the gonad/mesonephros was extended at 10.5 dpc, with no change in the length of the
metanephros. In XY embryos, this extension resulted in an increase in testis cord number. Moreover, we
observed a concomitant extension of the trunk axis in both sexes, with no change in the length of the tail
domain or somite number. Our ﬁndings support a model in which: (1) primary cilia regulate embryonic
trunk elongation; (2) the length of the trunk axis determines the size of the urogenital ridges; and
(3) the gonad domain is partitioned into a number of testis cords that depends on the available space,
rather than being divided a predetermined number of times to generate a speciﬁc number of cords.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Embryonic development is orchestrated through an orderly and
interconnected progression of events in a precise temporal and
spatial sequence. Disruptions in the meshwork of events affecting
one tissue can alter the patterning of neighbouring organ systems
and have “knock-on” effects in the differentiation and function of
their neighbours. In the trunk of the embryo, it is unclear which
organs align their development and morphology with the embryo
axis rather than having more autonomous regulation of their size
and shape.
In mice, the urogenital system is derived from the linear and
sequential differentiation of three kidney primordia arising from the
intermediate mesoderm. At 8.0 dpc, a portion of the intermediate
mesoderm on both sides of the midline undergoes mesenchymal-to-
epithelial transition to form the Wolfﬁan ducts, which subsequently
extend in a posterior direction until they terminate in the cloaca
(Bouchard et al., 2002; Grote et al., 2006). The ﬁrst primordial kid-
ney—the pronephros—degenerates almost as soon as it forms
(Bouchard et al., 2002). Subsequently, the second primordial kid-
ney—the mesonephros—differentiates and will go on to form the
reproductive tract. The gonad forms on the ventromedial surface of
the mesonephros at 10.5 dpc. At the level of the hindlimb, the
remaining intermediate mesoderm condenses and interacts with
the Wolfﬁan duct to induce the outgrowth of the ﬁnal deﬁnitive
kidney, the metanephros (Saxen and Sariola, 1987).
The gonad develops on the surface of the mesonephros between
9.5 and 10.5 dpc, when coelomic epithelial cells proliferate and
undergo epithelial-to-mesenchymal transition to form gonadal
somatic cells (Karl and Capel, 1998). Primordial germ cells (PGCs)
are speciﬁed at the proximal end of the epiblast from where they
move to the extra-embryonic mesoderm at the base of the allantois
at an earlier stage, around 6.5 dpc (Lawson and Hage, 1994; McLaren
and Lawson, 2005; Ohinata et al., 2005). From the extraembryonic
mesoderm, PGCs migrate to the hindgut endoderm and subsequently
traverse the hindgut mesentery between 9.5 and 10.5 dpc to reach
their ﬁnal destination, the genital ridges (Ginsburg et al., 1990). It has
been hypothesised that the long and narrow gonadal structure has
evolved to act as a “net” to receive germ cells dispersed in the
hindgut (Harikae et al., 2013), but how the size and shape of the
gonad domain is regulated remains poorly understood.
The primary cilium is an immotile cellular organelle that protrudes
from most non-dividing vertebrate cells (Goetz and Anderson, 2010).
In humans and mice, mutations leading to either disruption of
primary cilium biogenesis or function can have severe developmental
consequences resulting in disorders and diseases collectively referred
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to as ciliopathies. This large, heterogeneous group of disorders
includes polycystic kidney disease and retinal pigmentosa, as well
as more complex syndromes with variable phenotypes such as
Bardet-Biedl, Jeune, short rib polydactyly and Sensenbrenner syn-
dromes. Frequent phenotypes associated with primary cilium defects
include skeletal abnormalities, renal cysts, retinal degeneration and
neurological defects (Goetz and Anderson, 2010).
In addition to having a mechanosensory role, primary cilia act
as a signalling hub and are functionally linked to the Hh, WNT,
NOTCH, PDGFRα, FGF and HIPPO pathways (Corbit et al., 2005;
Ezratty et al., 2011; Habbig et al., 2012; Neugebauer et al., 2009;
Schneider et al., 2005). Proteins are dynamically trafﬁcked up and
down the microtubule-based ciliary axoneme using a specialised
motor-driven trafﬁcking process known as intraﬂagellar transport
(IFT) (Pazour et al., 2000). Generally, a group of anterograde
trafﬁcking proteins (IFT-B) move cargo to the tip of the cilium
using a kinesin motor protein complex, whereas retrograde
trafﬁcking proteins (IFT-A) move cargo from the tip to the base
via a dynein motor protein complex (Ou et al., 2005).
The IFT-A gene Ift144 (or Wdr19) has been linked to both Jeune
asphyxiating thoracic dystrophy syndrome and Sensenbrenner
or cranio-ectodermal dysplasia syndrome (Bredrup et al., 2011;
Fehrenbach et al., 2014). Previous analysis of a mouse model with a
hypomorphic missense mutation of Ift144 (“twinkle-toes”, or
Ift144twt), revealed a number of characteristics of the cognate
human diseases, including polydactyly, short rib cage, limb trunca-
tion, neural patterning and cleft lip/palate (Ashe et al., 2012; Liem et
al., 2012). Rib defects in Ift144twt mouse mutants were shown to
result from early disrupted somitic patterning in the inter-limb
region. In addition, Ift144twt embryos have fewer primary cilia, but
only very subtle changes to the structure of those primary cilia that
do form. Furthermore, embryonic ﬁbroblasts derived from Ift144twt
embryos display an attenuated response to upstream activation of
Hh signalling, whereas analysis in vivo revealed a ligand-
independent expansion of Hh signalling in some contexts (Ashe et
al., 2012; Liem et al., 2012).
In the present study we show that, in addition to the defects
previously described, Ift144twt mutants display hyperplastic gonads
in both XX and XY embryos. Underlying this signiﬁcant increase in
gonad size, Ift144twt mice had an early anterior expansion of the
gonad domain along the anterior-to-posterior axis, concomitant
with an extension in the length of the embryo trunk. These ﬁndings
help to deﬁne the underlying mechanisms of gonad morphogenesis
and dependency of organ patterning on the embryonic axis.
Materials and methods
Mice
Ift144twt mice have been described previously and were ana-
lysed on a FVB/NJ background (Ashe et al., 2012) and were
compared to wild-type littermates. Oct4-GFP strain has also been
reported previously (Szabo et al., 2002). For detection of primary
cilia in embryonic gonad development, wild-type embryos were
collected from timed matings of outbred CD1 strain mice. Mice
were staged with noon of the day on which the mating plug was
observed designated 0.5 days post-coitum (dpc) and 8–10 tail
somite (ts) correlating to 10.5 dpcdpc and 17–18 ts correlating to
11.5 dpc. Sx PCR was used to determine the sex of the embryos
(McFarlane et al., 2013). Protocols and use of animals were
approved by the Animal Ethics Committee of the University of
Queensland, which is registered as an institution that uses animals
for scientiﬁc purposes under the Queensland Animal Care and
Protection Act (2001).
Immunoﬂuorescence
The following primary antibodies against endogenous mouse
antigens were used in immunoﬂuorescence; rabbit anti-MVH (code
13840; Abcam) used at 1:400 dilution; mouse anti-E-cadherin
(code 610182, Becton Dickinson) used at 1:200 dilution; mouse
anti-SOX9 (code H00006662-M01; Abnova) used at 1:200 dilution;
rabbit anti-FOXL2 (Polanco JC 2010) used at 1:600 dilution; mouse
anti-ARL13B (code 75-287; Antibodies Incorporated) used at 1:200
dilution; mouse anti-OCT4 (code sc-5279; Santa Cruz) used at 1:100
dilution; goat anti-AMH (code SC-5279; Santa Cruz); chicken anti-
GFP (code 13970; Abcam) used at 1:400 dilution; goat anti-GATA4
(code sc-1237; Santa Cruz) used at 1:100 dilution, rabbit anti-PAX2
(code 71–6000; Invitrogen) used at 1:200 dilution, Mouse anti-
MVH (code ab27591; Abcam) used at 1:600 dilution and rabbit
anti-STRA8 (code ab49405; Abcam) used at 1:200 dilution. The
secondary antibodies used were donkey anti-goat Alexa 488 (code
A11055; Invitrogen) at 1:200 dilution; goat anti-rabbit Alexa 594
(code A11034; Invitrogen) at 1:200 dilution; donkey anti-rabbit
Alexa 568 (code A10042; Invitrogen) at 1:200 dilution; and 40,6-
diamidino-2-phenylindole (DAPI; 2 ng/μl in PBS; Molecular Probes)
at 1:1000 dilution to visualise nuclear DNA in immunoﬂuorescence.
For section immunoﬂuorescence, 7 μm parafﬁn sections were
processed as described previously (Polanco JC 2010). Slides were
imaged using a confocal microscope (LSM 510 Meta; Zeiss). For
whole-mount immunoﬂuorescence, dissected gonads/mesonephroi
were ﬁxed in 4% paraformaldehyde (PFA) in PBTX (PBS containing
0.1% Triton X-100) overnight at 4 1C. Samples were washed in
phosphate buffered Saline (PBS) and stored in 100% methanol
(MeOH) at 20 1C until required. Samples were rehydrated through
at MeOH series and then blocked for 4 h at room temperature in
10% heat inactivate horse serum (HS)/PBTX. Primary antibody was
incubated overnight at 4 1C and then washed at least three times in
PBTX for a minimum of 24 h. Subsequently, the secondary antibody
was incubated overnight at 4 1C diluted in 10% HS/PBTX and then
washed three times in PBTX for a minimum of 24 h. Samples were
dehydrated into 100% methanol before being cleared by 1:2 benzyl
alcohol/benzyl benzoate (BABB). Samples were mounted in a glass
bottom dish (code P35G-1.5-14-C, MatTek corporation) and imaged
using an inverted LSM 510 Meta (Zeiss) confocal microscope.
Image capture, analysis and processing
For wholemount immunoﬂuorescence, serial non-overlapping
Z-slice optical sections were captured for the depth of the sample.
For 13.5 dpc XY gonads, samples were imaged on 10 objective at
7.1 μm intervals. For 10.5 dpc urogenital ridges, samples were imaged
on a 10x objective with a 0.8 optical zoom, tiled over two different
ﬁelds of view at 7.1 μm intervals. Optical sections were processed in
Imaris software (Bitplane) to produce maximum intensity projections
and testis cord 3D models with the rendering tool: surfaces. Whole-
mount pictures of embryos and dissected tissue were captured on
Olympus SZX-12 stereomicroscope.
Image quantiﬁcation
Number of somites and embryo lengths were quantiﬁed on
Ift144twt and wild-type littermate control embryos previously
stained by in situ hybridisation to reveal somite markers (Ashe
et al., 2012). For measuring embryo dimensions and urogenital
ridge lengths, samples were imaged in the same orientation at the
same magniﬁcation and then the length of each sample was
measured using drawing tools in ImageJ software. Testis cords
were counted from the coelomic view of rendered testis cord
models. For quantiﬁcation of number of cells in the testis, the one
sagittal section through the centre of the testis (the largest plane)
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was used for quantiﬁcation per sample (2582, 2555 and 2676 total
number of cells counted per Ift144twt testis, and 1666, 1718 and
1753 total cells counted per wild-type testis) using the manual
ImageJ cell counter tool. n¼3. Germ cells were marked by
E-cadherin, Sertoli cells by strong expression of GATA4, Leydig
cells by HSD3β and interstitial/peritubular myoid cells by weak
expression of GATA4.
Haematoxylin and eosin staining
Parafﬁn sections (7 μm) were de-waxed in xylene, rehydrated
through an ethanol series. stained with freshly ﬁltered haematox-
ylin, washed, and counterstained in eosin solution. Finally, slides
were dehydrated, cleared in xylene, mounted in Entellan mount-
ing medium (Millipore) and imaged with a BX-51 microscope
(Olympus).
Quantitative RT-PCR
Quantitative RT-PCR (qRT-PCR) using SYBR green (Invitrogen)
was performed as described previously (Svingen et al., 2009),
using gonad samples from which the mesonephroi had been
removed (n¼6). Samples were normalised to the endogenous
housekeeping gene Sdha (Svingen et al., 2009). Subsequently, gene
expression levels were analysed using unpaired two-tailed Student
T-tests (PRISM version 5.0 software; GraphPad). The SYBR green
primers used in this study are described in Supplemental Table S1.
Results
Primary cilia are localised to the gonad interstitium
To address the possible signalling interactions mediated by
primary cilia in the foetal gonad, we ﬁrst investigated whether
and which embryonic gonadal cells have a primary cilium in both
sexes at 10.5 dpc, 11.5 dpc and 13.5 dpc. The presence of cilia was
determined by immunoreactivity of ARL13B, a required functional
component of the primary cilium (Duldulao et al., 2009). In both
sexes at 10.5 and 11.5 dpc, a primary ciliumwas commonly detected
in somatic cells marked by SF-1 and in some germ cells (Fig. 1A, B, D
and E). In addition, a primary cilium was detected in some Sertoli
cells at 11.5 dpc (Fig. 1C). In the testis at 13.5 dpc, primary cilia were
detected in the interstitium and rarely in testis cords. Speciﬁcally, a
primary cilium was detected in HSD3β-positive differentiated
Leydig cells, HSD3β-negative cells, and in peritubular myoid cells
(Fig. 1F and G). These observations were consistent with the
interstitial cell population undergoing active hedgehog signalling
at this time point (Yao et al., 2002). Interestingly, a primary cilium
was rarely detected in Sertoli cells, marked by AMH expression, or
in germ cells, marked by MVH expression (Fig. 1G and H).
The foetal ovary can be regionally compartmentalised by marker
gene expression, with a population of somatic cells at or near the
coelomic epithelium being molecularly distinct from those cells a
few layers adjacent to the mesonephros (Chen et al., 2012). We
detected primary cilia frequently in ovarian cells at 13.5 dpc at and
towards the coelomic epithelium (Fig. 1I), but also in the few cell
layers adjacent to the mesonephros (Fig. 1J). A few of the FOXL2-
positive somatic cells destined to become medullary granulosa cells,
also had a primary cilium (Fig. 1J). In contrast to testicular germ
cells, a primary cilium was detected in some ovarian germ cells
(Fig. 1K). In summary, most cell types in the ovary were found to
produce a primary cilium, albeit not all, and are therefore likely to
have some capacity for cilia-mediated signalling.
Increased size of Ift144twt gonads
To investigate potential reproductive complications of Jeune
and Sensenbrenner syndromes, we examined the urogenital system
of Ift144twt mice just prior to birth, at 17.5 dpc. While there was no
overall size difference between Ift144twt and wild-type embryos
(Fig. 2A), Ift144twt testes and ovaries were strikingly and consistently
larger (Fig. 2B). The other organs that together comprise the
urogenital system were of similar size to wild-type. In addition,
Ift144twt ovaries were mis-localised to a more anterior position on the
ventral face of the kidney, relative to wild-type (Supplemental Fig.
S1A). In most cases, the formation of the male and female reproduc-
tive tracts was normal, with one of eight XY embryos displaying a
unilateral dilated and uncoiled epididymis (Supplemental Fig. S1B).
The histology of the ovaries and testes at 17.5 dpc was assessed
by haematoxylin and eosin (H&E) staining (Fig. 2C). The Ift144twt
ovaries showed a similar cell density to wild-type, suggesting that
there were more cells overall. On the other hand, the interstitial
stroma of Ift144twt testes was less closely packed compared to
wild-type, suggesting either a reduction in the number of cells
and/or that the cells were less condensed. Immunoﬂuorescence for
HSD3β expression, a marker of differentiated Leydig cells, showed
that both Leydig cells and HSD3β-negative interstitial stromal cells
were present, which suggests that there was no defect in Leydig
cell differentiation (Fig. 2D).
Having established that Ift144twt gonads were abnormally large
at 17.5 dpc, we sought to determine the developmental stage at
which the increase in size occurs. At 13.5 dpc, after sex differentia-
tion of the gonads, Ift144twt testes and ovaries were clearly longer
compared to wild-type gonads (Fig. 3A). The gonad domain was
extended anteriorly beyond the level of the kidney, suggesting that
an anterior expansion of the mesonephric-gonad domain may
have occurred (Supplemental Fig. S2A,B). Examination of the
urogenital ridge revealed that Ift144twt adrenals were also bigger
(Supplemental Fig. S2C), while Ift144twt kidneys were the same
size as wild-type (Fig. 3A). This is consistent with an expansion of
the mesonephric but not the metanephric domain.
XY Ift144twt gonads have additional testis cords at 13.5 dpc
Testis cords are required to create a shielded, avascular and
immune-privileged environment for developing spermatozoa. In
the XY gonad, testis cord morphogenesis proceeds with Sertoli cells
clustering around groups of germ cells, followed by endothelial cells
from the mesonephros migrating into the gonad to partition Sertoli
and germ cell clusters into cord domains (Combes et al., 2009b; Cool
et al., 2008; Coveney et al., 2008). Since the gonad domain is longer
in Ift144twt embryos, we investigated the consequences for the
architecture of the testis cords. At 13.5 dpc, testis cords have just
formed and are arranged as a stack of toroidal loops along the gonad
axis. Three-dimensional rendering of testis cords based on Sertoli
cell-speciﬁc AMH expression revealed a similar shape and size
between mutant and wild-type gonads (Fig. 3B). However, Ift144twt
testes contained signiﬁcantly more cords compared to wild-type,
with an average increase of 4.8 cords (Fig. 3C). These data support a
model in which the XY gonad domain is partitioned into testis cords
along the available space, rather than divided a predetermined
number of times to generate a speciﬁc number of cords.
Gonadal sex differentiation proceeds normally in Ift144twt gonads
To investigate any changes in gonad differentiation, we exam-
ined the expression of several important genes that mark the
various testicular and ovarian cell lineages at 13.5 dpc by quanti-
tative RT-PCR. In the testis, there was no signiﬁcant change in the
expression of the Sertoli cell marker Sox9, the germ cell marker
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Mvh, the somatic cell marker Nr5a1, or the Leydig cell marker Scc.
Quantiﬁcation of the number of germ cells, Sertoli cells, Leydig
cells and interstitial/peritubular myoid cells in the largest cross-
sectional area through the testis did not identify any signiﬁcant
difference between the proportion of each cell lineage in Ift144twt
testes, compared to wild-type (Supplemental Fig. S3). In addition,
there was no ectopic up-regulation of the ovarian somatic cell
markers Foxl2 and Wnt4 (Fig. 4). In the ovary, examination of
cell-speciﬁc markers revealed that the expression of Wnt4 was
signiﬁcantly reduced, but no other signiﬁcant changes had occurred.
Fig. 1. Primary cilia are detected in the testis and ovary at 10.5 dpc, 11.5 dpc and 13.5 dpc. (A, B, D, F) Immunoﬂuorescence on parafﬁn sections of 10.5 and 11.5 dpc OCT4-GFP wild-
type embryos for ARL13B (white), detected primary cilia, GFP (green), detected germ cells, SF-1 (red) detected gonad somatic cells (red). (E) Section immunoﬂuorescence at 11.5 dpc
for SOX9 (red), detected Sertoli cells and ARL13B (green), detected primary cilia. Immunoﬂuorescence on parafﬁn sections of 13.5 dpc wild-type embryos for ARL13B (green),
detected primary cilia and: (F) HSD3β (red), detected Leydig cells in the testis; (G) AMH (red) detected Sertoli cells in the XYgonad; (H) MVH (red) detected germ cells in the testis;
(J) FOXL2 (red) detected somatic cells in the ovary and; (K) MVH (red) detected germ cells in the ovary. DAPI (blue) marking cell nuclei. Dotted line in (J) indicates gonad-
mesonephric boundary. Arrows indicate cell type with a primary cilium. Abbreviations: L, Leydig cell; PM, pertitubular myloid cell; SC, Sertoli cell; CE, coelomic epithelium; TCE,
Towards the coelomic epithelium; F, FOXL2 positive somatic cells; TM, Towards the mesonephros; and GC, germ cells. Scale bar, 50 μm.
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Fig. 2. Enlarged gonads in Ift144twt mice at 17.5 dpc. (A) Ift144twt embryos are a similar size to wild-type (WT) embryos at 17.5 dpc. Scale bar, 2 mm. (B) Brightﬁeld images of
dissected testes and ovaries indicated that Ift144twt mice have enlarged gonads. Scale bar, 1 mm. n¼5. (C) Haematoxylin and eosin staining of gonad sections showed that the
testicular interstitium is less compact. Scale bar, 200 μm. n¼4. (D) Section immunoﬂuorescence for HSD3β (red), marking Leydig cells, and AMH (green), marking Sertoli
cells, indicated that Leydig and non-Leydig cells are present in the interstitium. Cell nuclei are stained with DAPI (blue). n¼4. Scale bar, 200 μm.
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Interestingly, all ovaries examined showed an increase in expression
of Scc, albeit to a highly variable extent and not statistically signiﬁcant.
The signalling pathway most strongly linked to primary cilia is
the Sonic hedgehog (Shh) pathway. Although Shh is absent from
the foetal gonads, Desert hedgehog (Dhh) and its shared down-
stream effector genes Gli1 and Gli2 are all essential for normal
testis differentiation. Genetic loss of Dhh results in a reduction in
the number of Leydig cells in XY gonads, whereas constitutive Hh
signalling in XX gonads result in ectopic Leydig cell development,
demonstrating that Hh signalling is both necessary and sufﬁcient
for Leydig cell differentiation (Barsoum et al., 2009; Yao et al.,
2002). Therefore, we examined the expression of Dhh signal
transduction components in Ift144twt testes and ovaries at
13.5 dpc. In testes and ovaries, hedgehog pathway components
Dhh, Ptch1, Ptch2, Gli1, Gli2 and Hhip, were expressed at normal
levels compared to wild-type (Fig. 4).
Examination of Ift144twt embryos by section immunoﬂuorescence
revealed normal sex differentiation of Ift144twt gonads compared to
wild-type. Both germ cells and SOX9 positive cells in the testis, and
germ cells and FOXL2 positive cells in the ovary, spanned the length
of the gonad to the anterior and posterior poles (Fig. 5A and B).
Furthermore, Leydig cell differentiation occurred normally in Ift144twt
testes, as assessed by Scc staining, and no ectopic Scc expression was
detected in Ift144twt ovaries (Fig. 5C).
Previously, XY Map3k1-null mice were found to have 16%
longer gonads at 13.5 dpc and to develop ectopic STRA8-positive
germ cells in the posterior gonadal pole (Warr et al., 2011). It was
postulated that the increase in gonad length may have hindered
the centre-to-pole expansion of the testis-determining gene
expression pathway, resulting in germ cells ectopically entering
meiosis at the posterior pole (Warr et al., 2011). However, we
found no STRA8 expression in XY Ift144twt gonads, suggesting that
an expansion of the XY gonad domain length does not inhibit the
male gene expression pathway (Supplemental Fig. S4). Therefore,
despite the increase in gonad length, the molecular sex differ-
entiation and patterning of Ift144twt gonads appeared normal.
Fig. 3. Increased number of cords in Ift144twt testes. (A) Brightﬁeld images of dissected urogenital complex at 13.5 dpc, showing that Ift144twt ovaries and testes are longer
than wild-type (WT). Scale bar, 500 μm. n¼3 (B) Wholemount immunoﬂuorescence for AMH (green) was used to demarcate the testis cords and create a three dimensional
testis cord rendering (grey). Scale bar, 100 μm. (C) Quantiﬁcation of testis cords identiﬁed a signiﬁcant increase in the number in XY Ift144twt gonads. Unpaired two-tailed
Student's T-test was used to assess statistical signiﬁcance. n¼3, left and right gonads imaged. ***po0.001.
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The anterior–posterior gonad domain is expanded by 10.5 dpc
To determine the cause of the dramatic increase in gonadal
length in Ift144twt embryos, we examined urogenital ridges at
10.5 dpc, the earliest time point in gonad development. Whole
mount immunoﬂuorescence for PAX2, a marker of the Wolfﬁan
duct and metanephric mesenchyme, and GATA4, a marker of the
coelomic epithelium/somatic cells of the gonad, revealed that the
Ift144twt urogenital ridges were longer than those in wild-type
embryos (Fig. 6A). Quantiﬁcation conﬁrmed that the gonad/meso-
nephric domain was expanded in Ift144twt mutants by on average
30% (Fig. 6B). Interestingly, the length of the metanephros, the
region of deﬁnitive kidney formation, was unchanged, consistent
with our earlier observations that kidney size was normal in
Ift144twt mutant mice at later developmental stages (Fig. 6C).
Quantiﬁcation of the number of mesonephric tubules and distribu-
tion of mesonephric tubule domain did not detect any signiﬁcant
difference between Ift144twt mutant and wild-type embryos (Fig. 6D
and E), suggesting that there was no change in the amount of
intermediate mesoderm speciﬁed (Kume et al., 2000; Mattiske et al.,
2006). In addition, germ cells marked by OCT4 had a similar distribu-
tion in the gonad domain of Ift144twt mutant embryos compared to
wild-type (Fig. 6F), supporting our earlier observations that gonad
poles of Ift144twtmutant embryos were correctly patterned at 13.5 dpc.
To determine if changes to gonad-intrinsic hedgehog signalling
could be responsible for the expanded gonad/mesonephric
domain phenotype, the expression of the direct hedgehog target
genes Gli1 and Ptch1 was assessed at 10.5 dpc. In both Ift144twt
mutant and wild-type urogenital ridges, expression of Gli1 and
Ptch1were detected as similar levels in the mesonephros and were
undetectable in the gonad (Supplemental Fig. S5). Therefore,
perturbation to hedgehog signalling in the gonad primordium is
unlikely to cause gonad/mesonephric expansion.
The embryo trunk region is expanded
Upon dissection of 10.5 dpc urogenital ridges, we noticed that
despite a clear anterior expansion of the gonad domain, the urogenital
Fig. 4. Gene expression analysis in Ift144twt gonads. Quantitative RT-PCR did not detect any signiﬁcant changes in the expression of the Sertoli cell marker, Sox9, germ cell
marker, Mvh, somatic cell marker, Nr5a1, Leydig cell marker, Scc, ovarian somatic cell marker, Foxl2, relative to wild-type (WT). The ovarian somatic cell marker Wnt4 was
signiﬁcantly reduced in the Ift144twt ovary compared to WT. Quantitative RT-PCR did not detect any signiﬁcant changes in the expression of the hedgehog pathway
component genes Dhh, Ptch1, Ptch2, Gli1, Gli2, Hhip, although variable up-regulation of Ptch1, Gli1, Gli2 and Hhip was detected in Ift144twt ovaries. Error bars represent SEM,
n¼6. Unpaired two-tailed Student's T-test was used to assess statistical signiﬁcance, *po0.05.
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Fig. 5. Normal sex-speciﬁc development of the gonads in Ift144twt embryos at 13.5 dpc. (A) Immunoﬂuorescence on parafﬁn sections for E-cadherin (green), marking germ
cells and FOXL2 (red), marking female somatic cells, indicates no changes in the distribution of germ cells and expression of FOXL2 in Ift144twt ovaries and testes, compared
to wild-type (WT). n¼3. Scale bars, 100 μm. (B) Section immunoﬂuorescence for SOX9 (green), marking Sertoli cells and MVH (red), marking germ cells, indicates no changes
in the distribution of germ cells and expression of SOX9 in Ift144twt ovaries and testes, compared to wild-type (WT). n¼3. Scale bars, 100 μm. (C) Section in situ hybridisation
for Scc (purple) did not detect any ectopic Leydig cells in Ift144twt ovaries, compared to wild-type (WT). n¼4 Scale bars, 100 μm. Gonad tissue is marked by a dotted line.
Gonads were examined at 12.5, 13.5, 15.5 and 17.5 dpc.
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ridge did not appear to be localised any higher in the body cavity
relative to the forelimb. Therefore, we examined whole embryo
patterning to determine if any changes in embryo length had
occurred. It was previously noted that Ift144twt embryos have similar
number of tail somites to wild-type littermates (Ashe et al., 2012).
Furthermore, it was shown that the shape of the somites was
perturbed speciﬁcally in the trunk region of the embryo (Ashe et
al., 2012). We counted the number of somites in the trunk (base of
forelimb to top of hind limb) and tail (base of hind limb to tail tip)
regions of embryos highlighted by in situ hybridisation for the somite
marker MyoD at 10.5 dpc and 11.5 dpc (Fig. 7A and data not shown).
Supporting previous observations, the shape of the somites was
perturbed particularly in the inter-limb region correlating to the
T1–T13 vertebral elements, which is also the same region of the
embryo containing the gonad domain (Fig. 7B). No signiﬁcant changes
had occurred in the number of somites in either the tail or trunk
region of Ift144twt embryos (Fig. 7C and D). However, the length of the
trunk was signiﬁcantly increased whereas the length of the tail was
unchanged (Fig. 7E and F). Because the gonad domain normally spans
the length of the trunk region, it is likely that the trunk expansion is
the underlying cause of the increase in the gonad domain in Ift144twt
embryos.
Fig. 6. The anterior–posterior axis of the gonad is expanded in Ift144twt mice. (A) Confocal images of wholemount immunoﬂuorescence for PAX2 (red), marking the Wolfﬁan
duct, mesonephric tubules and metanephric mesenchyme, and GATA4 (green), marking the gonad somatic cells and coelomic epithelium, indicates that the gonad is
extended in Ift144twt mice. Arrows show anterior and posterior boundaries of the gonad domain and arrowheads indicate anterior and posterior boundaries of the
metanephros. Images were taken at the same magniﬁcation; scale bar, 150 μm. (B) Quantiﬁcation at 10.5 dpc shows that the gonad length was expanded, whereas the length
of the metanephros (C) was unchanged, compared to wild-type (WT). (D) Quantiﬁcation of the length of the mesonephric tubule domain and (E) the number of cranial (Cr)
and caudal (Cd) mesonephric tubules did not detect any signiﬁcant difference between Ift144twt mutant and wild-type urogenital ridges. Unpaired two-tailed Student's T-test
was used to assess statistical signiﬁcance. ***po0.001, n.s. not signiﬁcant. n¼5. (F) Confocal images of wholemount immunoﬂuorescence for OCT4 (red), marking the germ
cells, and GATA4 (green), marking the gonad somatic cells and coelomic epithelium, indicates that germ cells have a similar distribution in the gonad at 10.5 dpc between
Ift144twt mutant and wild-type embryos. n¼3.
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Discussion
The paradigm of gonad domain speciﬁcation is poorly understood.
Here, we have shown that mouse mutants with dysfunctional primary
cilia display an early expansion of the anterior–posterior gonad axis
associated with extension of the embryo trunk. As a consequence, the
XY gonads were found to be partitioned into additional testis cords.
Our data suggest a previously unrecognised gonad phenotype caused
Fig. 7. Expansion of the embryo trunk domain in Ift144twt embryos. (A) Wholemount in situ hybridisation for MyoD at 10.5 dpc and 11.5 dpc was used to demarcate the
somites, showing that the embryo trunk was expanded. Scale bars, 2 mm. (B) Magniﬁed regions of MyoD expression at 11.5 dpc show that the somites speciﬁcally between
the fore- and hindlimb were disrupted. The region of disruption is indicated by asterisks. Scale bars, 100 μm. Quantiﬁcation revealed no signiﬁcant change in trunk (C) and
tail (D) somite number, with a signiﬁcant increase in the length of the trunk (E) but not the tail (F) region. Unpaired two-tailed Student's T-test was used to assess statistical
signiﬁcance ***po0.001, ****po0.0001, n.s. not signiﬁcant. n¼3–12.
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by disruption of the primary cilium, and raise the possibility of gonadal
defects in Jeune and Sensenbrenner syndrome patients.
The role of the primary cilium in gonadal cells
In general, the presence of a primary cilium is associated with cells
not undergoing mitosis since the anchor of the cilium is the basal
body, a structure that derives from the mother centriole (Fonte et al.,
1971; Seeley and Nachury, 2010). However, there is discordance in the
role of cell cycle and ciliogenesis observed between in vitro and in vivo
systems. In cell culture, most cells ciliate only after exit from the cell
cycle, whereas, in vivo, a myriad of rapidly mitosing cells have a
primary cilium (Fonte et al., 1971; Goetz et al., 2012; Ocbina et al.,
2011). Furthermore, some differentiated cell types also lack a primary
cilium, in vivo (Aughsteen, 2001). Our observations deﬁning which
gonadal cell types have a primary cilium did not necessarily correlate
with what is known about the cell cycle in those lineages. Testicular
germ cells at 12.5 dpc stop proliferating and enter G0/G1 arrest,
whereas ovarian germ cells continue to proliferate and undergo
meiosis at 13.5 dpc (Bowles et al., 2006; Hilscher, 1974). Thus, it was
surprising that a primary cilium was not detected in testicular germ
cells at 13.5 dpc but in some ovarian germ cells. On the other hand,
foetal Leydig cells have no detectable mitotic activity once they have
differentiated (Orth, 1982) and we found that the majority of Leydig
cells have a primary cilium. Our observations conﬁrm a previous
report of primary cilia in Leydig cells, peritubular and other ﬁbroblast-
like stromal cells in the adult human testis (Takayama, 1981).
In the developing ovary, a lack of molecular markers has thus
far hindered examination of the origin and speciﬁcation of
different somatic cell lineages. In a previous in situ hybridisation
screen, novel domains of somatic cell gene expression were
described suggesting that molecular regionalisation occurs earlier
than previously thought (Chen et al., 2012). Consistent with these
observations, we observed regionalisation of the prevalence of
primary cilia on somatic cells. This suggests that subsets of ovarian
somatic cells respond differently to intercellular signalling path-
ways and are more susceptible to some signalling perturbations.
For example, activation of the Hh pathway in the foetal ovary leads
to ectopic differentiation of Leydig cells, without further mascu-
linisation of the gonad (Barsoum et al., 2009). Since Hh signalling
is transduced via the primary cilium, perhaps trans-differentiated
steroidogenic cells in hedgehog gain-of-function ovaries are the
more commonly ciliated cells that we observed at the gonad-
mesonephric boundary or towards the coelomic epithelium.
Testis cord morphogenesis in Ift144twt mice
Testis cords are required for maturation of XY germ cells to
spermatozoa, to create an immune privileged environment, to protect
germ cells from exogenous signals and export spermatozoa to the
male reproductive tract. The prevailing view of testis cord morpho-
genesis supports a model in which: (1) Sertoli cells cluster around
groups of germ cells; (2) endothelial cells migrate in streams from the
mesonephros to direct the partitioning of the XY gonad into cord
domains; and (3) the XY gonad is patterned into deﬁnitive cords by
peritubular myoid cells surrounding the cords and deposition of a
basement membrane (Combes et al., 2009b; Cool et al., 2008;
Coveney et al., 2008; Svingen and Koopman, 2013). It is thought that
testis cords formation is triggered stochastically, since there is some
variation in the number and size of the initial “pre-cord” domains
(Combes et al., 2009a). However, the regularity of the shape and size
of mature looped cord structures suggests that some yet unknown
genetic control may regulate the patterning of testis cords. It was
previously unclear if the XYgonad domainwas partitioned a relatively
stereotypical number of times or whether it is partitioned along the
available space. Our data demonstrates the latter, suggesting that as
long as XYgonad tissue is present and correctly patterned, endothelial
cells will be induced along the length of the gonad domain. These
ﬁndings help to further deﬁne testis cord morphogenesis, supporting
a model in which the number of testis cords is determined by the size
of the gonad domain.
Early extension of the gonad domain in Ift144twt mice
The correct molecular sex patterning extended along the length
of the genital ridge and germ cells were localised to the gonad
poles of the in Ift144twt embryos. In the XY genital ridge, the male
sex-determining gene Sry is expressed in a dynamic wave, ﬁrst in
the centre of the gonad and subsequently expanding to the gonad
anterior and posterior poles (Bullejos and Koopman, 2001). More-
over, FGF9 acts as a diffusible factor to drive centre-to-pole XY
tubulogenic development (Hiramatsu et al., 2010). Delay in the
expansion of the centre-to-pole wave of XY gene expression can
result in the formation of ovotestes (Bullejos and Koopman, 2005;
Wilhelm et al., 2009). Despite the genital ridge in Ift144twt mice
being approximately 1.4 times the length of wild-type, male sex
determination and testis cord morphogenesis occurred along the
entire length of the gonad axis, with no evidence of sex reversal at
the poles. This implies that regardless of the distance, a level of
robustness in the regulation of Sry expression exists, since the
wave of male sex determination gene expression was completed
within the critical temporal and spatial window.
It was clear that the gonads were expanded anteriorly in
Ift144twt embryos, relative to other organs such as the kidney
and bladder. However, it is likely that it is the middle and/or
posterior regions of the gonad that expand to cause the increased
length rather than an expansion of the gonad anterior pole or a
generalised anterior expansion, since the length of the mesoneph-
ric tubule domain was unchanged.
Interestingly, expansion of the gonad domain anteriorly in
Ift144twt embryos resulted in mis-localised ovaries in XX embryos
to a more anterior position on the ventral side of the kidney, but
correctly positioned testes in XY embryos. This may be a conse-
quence of the normal sex-speciﬁc differences in the gubernacu-
lum, a small muscular ligament attached to the gonads. In XY
embryos, the gubernaculum anchors the testes to the inguinal
region as the kidneys and the abdominal cavity expand anteriorly,
whereas in XX embryos, the gubernaculum elongates with the
expansion of the body cavity resulting in the ascent of the ovaries
relative to the inguinal region (Shono et al., 1994). Since the
anterior limit of both Ift144twt testes and ovaries relative to the
kidney is more cranial compared to wild-type, it is likely that the
gubernaculum anchors Ift144twt testes to maintain a normal
position in the body cavity whereas Ift144twt ovaries are more
“free-ﬂoating”, resulting in the ovaries maintaining a more ante-
rior position on the ventral surface of the kidneys.
One of the key questions arising from analysis of Ift144twt embryos
is whether the expanded gonadal domain is a consequence of a
gonad-intrinsic or extrinsic primary cilia-mediated signalling defect.
Our ﬁnding of a concomitant expansion of the embryonic trunk
domain in Ift144twt embryos supports the latter. There are several
lines of evidence demonstrating the importance of correct embryonic
trunk extension on the extension of the coelomic epithelium and
intermediate mesoderm. First, Wnt5a-null gonads display a reduced
anterior–posterior axis, concurrent with a reduction in the extension
of the trunk and tail of the embryo (Chawengsaksophak et al., 2012;
Yamaguchi et al., 1999), supporting a link between trunk axis exten-
sion and gonad domain length. Second, live-imaging in chick embryos
has observed that the Wolfﬁan duct migrates in register with somite
segmentation (Atsuta et al., 2013), suggesting that somite segmenta-
tion and Wolfﬁan duct extension are a coupled process. Third, in the
absence of the paraxial mesoderm in Foxc1; Foxc2 double-null
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embryos, the intermediate mesoderm is disorganised and fails to
extend posteriorly (Wilm et al., 2004). Finally, the metanephric
mesenchyme may be derived from more nascent posterior mesoderm
cell progenitors in the tail bud, rather than the more anterior
intermediate mesoderm, supporting a role for anterior–posterior
extension in determining mesonephric/metanephric speciﬁcation
(Taguchi et al., 2014). Therefore, it is most likely that extension of
the embryonic trunk is the cause of increased gonadal domain length
in Ift144twt embryos, although, we cannot completely exclude a
contribution of gonad-intrinsic primary cilium-mediated signalling to
the phenotype.
Related to this issue is the question of what these extrinsic signals
might be. Factors driving extrinsic urogenital patterning are likely to
include Hox paralog expression, WNT and retinoic acid signalling, all of
which are required for posterior development of the embryo (Abu-
Abed et al., 2001; Dunty et al., 2008; Wellik et al., 2002; Yun et al.,
2014). It was recently reported that recapitulating the signalling
dynamics in the posterior of the embryo by phasic WNT and retinoic
acid signalling allows pluripotent cells to be differentiated to meta-
nephric progenitors in vitro (Taguchi et al., 2014), demonstrating the
importance of these signals to urogenital induction. While the afore-
mentioned factors are likely to be important in the determination of
mesonephric/metanephric patterning, it is still unclear whether spe-
ciﬁc signalling pathways in the embryonic trunk regulate gonad
domain size or if it is merely the position of pro-metanephric/anti-
mesonephric signals within the hind limb region that speciﬁes the
posterior limit of the gonad.
Implications for human ciliopathies
The present study represents the ﬁrst detailed analysis of the
embryonic gonadal phenotype of a mouse mutant with primary cilia
trafﬁcking defects. Like a number of IFT-A mouse mutants, Ift144twt
mice display a complex phenotype involving an expansion of ligand-
independent hedgehog signalling in some contexts, while cells
derived from these embryos show a reduced ability to respond to
upstream activation of the pathway (Ashe et al., 2012; Liem et al.,
2012). Notably, other IFT-A mouse mutants show a similar rib
branching phenotype including Ift140cauli and Ift139alien (Herron
et al., 2002; Miller et al., 2013), suggesting that they may also have
an expanded gonad domain. Having shown that primary cilia are
present in the embryonic gonad, it would be interesting to examine
other mouse mutants with perturbed primary cilia trafﬁcking such as
IFT-B mutants, which predominantly show reduced Hedgehog sig-
nalling, for example Ift88 hypomorphic mice (Liu et al., 2005).
However, to our knowledge, no reported IFT-B mouse mutants have
a similar somite/rib phenotype to Ift144twt embryos, suggesting that
the gonad domain would not be expanded in these mice.
Our ﬁnding that Ift144twt embryonic gonads are larger than wild-
type is inconsistent with gonadal hypoplasia identiﬁed in some
human ciliopathies (Green et al., 1989; Klein and Ammann, 1969;
McLoughlin and Shanklin, 1967). However, it is possible that these
cases of reported hypogonadism are secondary to hypothalamic
defects (Perez-Palacios et al., 1977; Soliman et al., 1996; Toledo
et al., 1977), whereas gonad hyperplasia in Ift144twt embryos clearly
results from primary defects in embryo patterning. Analysis of
additional primary cilia biogenesis and trafﬁcking mouse mutants
will help to further deﬁne the function of primary cilia signalling in
embryonic gonad patterning and differentiation, and clarify repro-
ductive phenotypes of individuals with ciliopathies.
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ABSTRACT
MicroRNAs are important regulators of developmental gene
expression, but their contribution to fetal gonad development is
not well understood. We have identified the evolutionarily
conserved gonadal microRNAs miR-202-5p and miR-202-3p as
having a potential role in regulating mouse embryonic gonad
differentiation. These microRNAs are expressed in a sexually
dimorphic pattern as the primordial XY gonad differentiates into
a testis, with strong expression in Sertoli cells. In vivo, ectopic
expression of pri-miR-202 in XX gonads did not result in
molecular changes to the ovarian determination pathway.
Expression of the primary transcript of miR-202-5p/3p remained
low in XY gonads in a conditional Sox9-null mouse model,
suggesting that pri-miR-202 transcription is downstream of
SOX9, a transcription factor that is both necessary and sufficient
for male sex determination. We identified the pri-miR-202
promoter that is sufficient to drive expression in XY but not XX
fetal gonads ex vivo. Mutation of SOX9 and SF1 binding sites
reduced ex vivo transactivation of the pri-miR-202 promoter,
demonstrating that pri-miR-202 may be a direct transcriptional
target of SOX9/SF1 during testis differentiation. Our findings
indicate that expression of the conserved gonad microRNA,miR-
202-5p/3p, is downstream of the testis-determining factor SOX9,
suggesting an early role in testis development.
microRNAs, mouse gonad development, testis differentiation,
transcriptional regulation, transgenic mice
INTRODUCTION
Differentiation of the gonads during mammalian embryo-
genesis is a critical developmental process because it
determines the phenotypic sex of the fetus. Gonads develop
from the indifferent or bipotential genital ridges, which can
differentiate into two morphologically and functionally distinct
organs, testes, or ovaries. This decision depends on whether or
not the Y chromosomal, male-determining Sry gene is
expressed. The expression of Sry initiates a cascade of gene
expression and regulation resulting in the formation of a testis
[1]. Subsequently, hormones produced by the testis orchestrate
the differentiation of the rest of the body to a male phenotype.
The critical transcriptional target of SRY is Sox9, which is both
necessary and sufficient for male sex determination and
development. In humans, loss of a fully functional SOX9
results in the disorder campomelic dysplasia, which is
frequently characterized by sex reversal in XY individuals [2,
3].
In the absence of a completely functional Sry, the female
program of gene expression marked by Wnt4, Rspo1, and
Foxl2 is initiated, and an ovary will develop, which in turn
results in a female phenotype. There is a fine balance between
the testicular- and ovarian-specific network of gene expression,
and disturbance can result in a tipping of the balance in one
direction or the other [4].
MicroRNAs are a class of single-stranded noncoding RNAs
of approximately 22 nucleotides (nt) in length that post-
transcriptionally regulate mRNAs. Most microRNAs (miR-
NAs) are transcribed by RNA polymerase II as the long
primary transcript termed pri-miRNA. In the nucleus, the
microprocessor complex consisting of the RNase-III enzyme
Drosha and its RNA-binding partner DGCR8 processes the pri-
miRNA into a precursor miRNA of ;70 nt, the pre-miRNA
hairpin [5, 6]. The pre-miRNA is then processed in the
cytoplasm to a ;22-nt double-stranded RNA by the RNAase
III enzyme Dicer [6]. One of the strands or both strands (3p and
5p) are incorporated into the RNA-induced silencing complex
RISC. The miRNA-loaded RISC then regulates its target
mRNA by affecting mRNA translation and/or stability usually
by binding to 30 untranslated regions (30UTR) (reviewed in
[7]). MicroRNAs are important regulators of developmental
gene expression, but their role in fetal gonad development is
poorly understood.
Several studies have indicated that miRNAs are likely to
regulate the mammalian reproductive system. Microarray and
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cloning approaches have identified known and novel miRNAs
in the fetal and postnatal testis and ovary in a variety of species
[8–12]. The contribution of miRNAs in general has been
studied using Dicer1-null mice, in which the processing of
canonical miRNAs is abolished. While mutant embryos
generated from Dicer1-null oocytes failed to proceed to a
two-cell embryo, mice homozygous for a hypomorphic allele
developed normally except for female infertility associated
with corpus luteum insufficiency [13]. Furthermore, mice with
Dicer1 deleted specifically in germ cells showed arrest of
spermatogenesis [14–18].
Deletion of Dicer1 in the Sertoli cell lineage at 13.5 days
post coitum (dpc), using Dicer1fl/fl:Amhcre mice, resulted in
progressive postnatal testis degeneration and infertility from a
failure of Sertoli cell maturation [19, 20]. In addition, genetic
ablation of Dicer1 alleles in SF1-positive gonadal somatic cells
from 10 dpc resulted in postnatal testis degeneration [21].
While these studies demonstrate that miRNAs have a
significant role in postnatal testicular somatic cell function,
the mouse models do not address the role of miRNAs in fetal
Sertoli cells, because it is unclear at what stage Dicer1 protein
is lost. Moreover, when Dicer1 alleles were excised at 13.5
dpc, a significant decrease in the expression of miRNAs was
evident only at postnatal day 5 [19].
We previously screened the small RNA population of
differentiating XY and XX gonads, using high-throughput
sequencing to identify microRNAs that may regulate mouse
embryonic gonad development [22]. We detected the micro-
RNAs miR-140-5p/miR-140-3p being expressed in differenti-
ating testes. Investigation of pre-miR-140 null mice identified
the fact that Leydig cell development was perturbed with an
increase in Leydig cell number, supporting a role for micro-
RNAs in early gonad development [22]. To further characterize
the role of microRNAs in regulating developmental events
during sex determination and gonadal development, we
investigated the expression and regulation of the conserved
gonadal microRNAs miR-202-5p and miR-202-3p and found
them to be expressed in a testis-enriched pattern, with strong
expression in Sertoli cells, the organizing cells of the XY
gonad. We showed that pri-miR-202 is likely to be a direct
transcriptional target of SOX9, suggesting an early role in
testis-specific organogenesis.
MATERIALS AND METHODS
Mouse Strains
Embryos were collected from timed matings of outbred CD1 mice, with
noon of the day on which the mating plug was observed designated 0.5 dpc. For
more accurate staging, the tail somite (ts) stage of the embryo was determined
by counting the number of somites posterior to the hind limb [23]. Using this
method, 10.5 dpc corresponds to approximately 8 ts, 11.5 dpc to 18 ts, and 12.5
dpc to 30 ts. Zfy PCR was used to determine the sex of the embryos before
morphological gonad differentiation [24]. Generation of cytokeratin 19
Ck19;Sox9-null mice have been described previously [25]. Generation of
Cited2-null mice on a C57BL/6 background has been described previously
[26]. Cited2-null mouse samples were between 24 and 27 ts. The bacterial
artificial chromosome (BAC) transgenic mouse vector used to drive pri-miR-
202 under the control of the regulatory regions of Wt1, and the BAC Wt1:202-
IRESeGFP transgenic lines were generated as described previously [27]. Seven
positive transgenic mice were generated that stably transmitted the Wt1:202-
IRES-eGFP transgene (Tg) through the germ line. However, analysis detected
expression only of the Tg in one mouse line. This line was subsequently
characterized further. Tg mice were analyzed on a mixed Agouti and C57BL/6
background. Genotyping primers used are provided in Supplemental Table S1
(all Supplemental Data are available online at www.biolreprod.org). Protocols
and use of animals were approved by the Animal Welfare Unit of the
University of Queensland, which is registered as an institution that uses animals
for scientific purposes under the Queensland Animal Care and Protection Act
(2001).
In Situ Hybridization
Probes used were pri-miR-202 (entire AK144366 transcript), miR-202-3p
(miRCURY locked nucleic acid [LNA] detection probe, 39487-01; Exiqon),
miR-202-5p (miRCURY LNA detection probe, 39486-01; Exiqon), Scrambled
(miRCURY LNA detection probe, 99004-01; Exiqon). Section in situ
hybridization (sISH) for pri-miR-202 was performed as previously described
[28] with hybridization of the probe at 658C. The color reaction was performed
for equal amounts of time on XY and XX sections at the same time point. For
microRNA section in situ hybridization with digoxigenin (DIG)-labeled LNA
probes, whole embryos were fixed in 4% (w/v) paraformaldehyde (PFA) at 48C
overnight, then washed with 13PBS, incubated in 30% sucrose solution for 6 h
and then snap frozen in OCT (Tissue Tek). LNA sISH was performed with 10-
lm sagittal sections as described previously [28, 29], unless otherwise stated.
After proteinase K digestion and 4% PFA fixation, slides were incubated in
imidazole (Sigma-Aldrich) buffer (1.6 ml imidazole, 148.35 ml of water, 450 ll
of HCl [32%] and 9.6 ml of 5M NaCl). A 2-h fixation with 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (Sigma-Aldrich) solution diluted in
imidazole buffer, at a final concentration of 0.16 M, pH8 [29]. Hybridization
of the probes was performed at 208C below the probe melting temperature, as
recommended by the manufacturer (Exiqon); 568C for miR-202-3p, 478C for
miR-202-5p, and 478C for Scrambled. RNA probe was detected by incubation
with BM Purple, alkaline phosphatase substrate (Roche). Slides were mounted
in 70% glycerol and imaged with a BX-51 microscope (Olympus). Section ISH
followed by immunohistochemistry was performed as described previously
[30].
For fluorescence sISH, embryos were dissected at 13.5 dpc and fixed in 4%
(w/v) PFA at 48C overnight and washed with 13 PBS and embedded in
paraffin. Paraffin sections (7 lm) were mounted on Superfrost Plus slides
(Menzel-Glaser) and processed as previously described [28]. Fluorescence
detection of the DIG-labeled probe was achieved by incubation in detection
buffer (100 mM Tris HCl, pH8, 100 mM NaCl, 10 mM MgCl
2
) twice for 20
min each and then incubation in 10 ll of 2-hydroxy-3-naphtoic acid-20-
phenylanilide phosphate (HNPP; Roche) and 10 ll of Fast Red TR (Roche)
solution per milliliter of detection buffer for 2 h at room temperature.
For whole-mount ISH, dissected gonads/mesonephroi were fixed in 4%
PFA in PBTX (PBS containing 0.1% Triton X-100) for several hours at 48C.
Whole-mount ISH with DIG-labeled RNA probes was carried out as described
elsewhere [31].
Immunofluorescence
Paraffin sections (7 lm) of mouse embryos were processed as described
previously [27]. The primary antibodies against endogenous mouse antigens
used for this study were goat anti-green fluorescent protein (GFP; code
AB5450; Abcam) at 1:200 dilution; rabbit anti-mouse vasa homologue (MVH;
code 13840; Abcam) at 1:400 dilution; rabbit anti-FOXL2 [27] at 1:600
dilution; goat anti-Mullerian hormone (AMH; code SC-5279; Santa Cruz
Biotechnology) at 1:400 dilution; rabbit anti-SOX9 at 1:200 dilution [32];
rabbit anti-SCC [33] and anti-isolectin B4 (code L2140; Sigma Aldrich) at
1:200 dilution. The secondary antibodies used were donkey anti-goat Alexa
488 (code A11055; Invitrogen) at 1:200 dilution; donkey anti-goat horseradish
peroxidase (code 705-035-003; Abacus ALS); goat anti-rabbit Alexa 594 (code
A11034; Invitrogen) at 1:200 dilution; donkey anti-rabbit Alexa 568 (code
A10042; Invitrogen) at 1:200 dilution; biotinylated anti-rabbit (Amersham);
and 40,6-diamidino-2-phenylindole (DAPI; 2 ng/ll in PBS; Molecular Probes)
at 1:1000 dilution to visualize nuclear DNA in immunofluorescence, using a
confocal microscope (LSM 510 Meta; Zeiss).
Quantitative RT-PCR
Quantitative RT-PCR (qRT-PCR) using SYBR green (Invitrogen) was
performed as described previously [34]. Quantitative RT-PCR at all time points
was performed with gonad-only samples, with mesonephroi removed. Sox9-
null samples were normalized to the endogenous housekeeping genes Rn18s
[34]. Cited2-null samples were normalized to Sdha, n ¼ 3 [34]. WT1-202 Tg
samples were normalized to Tbp, n ¼ 3–4 [34]. TaqMan miRNA qRT-PCR
reactions were performed according to the manufacturer (Applied Biosystems)
instructions for miR-202-5p (no. 4395709), miR-202-3p (no. 4373311), and
sno202 (no. 4380914). Reverse transcriptase reactions were set up with 50 ng
of RNA per sample. Quantitative PCR reactions were normalized to the small
nucleolar RNA sno202 [35] and used to calculate the relative fold change in
accordance with the delta-delta CT method [36]. Where appropriate,
comparisons of gene expression levels were analyzed using unpaired two-
tailed Student t-tests (PRISM version 5.0 software; GraphPad). The SYBR
green primers used are provided in Supplemental Table S1.
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Cell Sorting
Two 13.5 dpc Sf1-eGFP [37] litters were dissected in cold PBS, and the sex
was determined by the presence or absence of testis cords before the gonad was
separated from the mesonephros. Gonads were enzymatically dissociated into a
single cell suspension in 0.25% Trypsin-EDTA (Gibco) with 5 U/ml DNase1
(Sigma) for 20 min at 378C while rocking. Cells were further dissociated using
an 18-gauge and then 23-gauge syringe. Cells were pelleted by centrifugation at
3000 rpm at 48C. The dissociation solution was removed, and cells were
resuspended in 400 ll of ice-cold PBS and stored on ice. Cells were incubated
with 2 ll of SSEA1-PE antibody (BD Biosciences) for 20 min to tag germ cells,
and germ and eGFP-positive cells were sorted using a BD FACSAria cell sorter
at the Queensland Brain Institute of the University of Queensland, Brisbane,
Australia. Collected cell populations were kept on ice before RNA extraction.
Cells from two independent sorting experiments were pooled for analysis.
Electrophoretic Mobility Shift Assay
Electrophoretic mobility shift assay was performed as described previously
[28] using recombinant, bacterially expressed glutathione S-transferase (GST)
fusion proteins of the full-length mouse SOX9 and FGFR2. The oligonucle-
otides harboring the SOX site are provided in Supplemental Table S1.
Gonad Explant Culture and Transient Transfection Analysis
Promoter fragments were cloned into the pGL2 vector. Primers used to
amplify promoters and to perform site-directed mutagenesis are listed in
Supplemental Table S1. Transient transfection assays in gonad explant cultures
were performed using previously described methods [38]. Briefly, gonads were
harvested from 13.5- to 14.5-dpc embryos of CD1 mice. Transfections were
performed by injecting a DNA cocktail containing 4 lg/ll pGL2 construct plus
2 lg/ll SV40-Renilla plasmid DNA. Less than 1 ll of DNA was injected,
spread over three sites within the gonad. Following injection, 20 ll of sterile
PBS was placed on the gonad for electroporation. Immediately thereafter, 5
square electrical pulses of 65 volts, 50 ms each at 100-ms intervals, were
delivered through platinum electrodes from an electroporator. After electropo-
ration, gonads were placed back into culture for 24 h. Explant cultures were
maintained at 378C with 5% CO
2
/95% air in a 50-ll droplet of Dulbecco
minimal Eagle medium supplemented with 10% fetal calf serum and 50 mg/ml
ampicillin [39]. Upon harvest, transfected gonad explants were washed three
times with PBS and then placed in 40–100 ll of passive lysis buffer (Promega)
and manually disrupted with a pipet tip and subjected to three freeze/thaw
cycles to optimize cell lysis. Reporter activity was measured using 20 ll of cell
lysate, using the dual reporter detection system according to manufacturer’s
recommendations (Promega). Each construct was injected in at least three
gonads of each sex, and each experiment was repeated at least four times. Data
were subjected to one-way ANOVA and a Dunnett multiple comparisons post
hoc test, where all the columns were tested relative to the control promoter.
MicroRNA Target Prediction
Messenger RNA targeted by the most prevalent strands of miR-140-3p
(miR-140*) and miR-202-5p were predicted using TargetScan 5.2 Custom [40],
MirWalk [41] and RNA22 [42]. For TargetScan only genes with an exact
match to positions 2–8 of the mature miRNA were considered as truly targeted
(8 mer and 7 mer-m8 site types). Genes predicted to be targeted by at least two
of these programs were considered as a conservative set of miR-202-5p targets.
Genes predicted to be targeted by both miR-140-3p and miR-202-5p by any of
these programs were considered shared targets of these miRNAs.
RESULTS
miR-202 Is a Conserved microRNA Expressed in Mouse
Embryonic Gonads
We have previously screened the small RNA population of
differentiating XY and XX gonads by using high-throughput
sequencing to identify microRNAs that may regulate embry-
onic gonad development [22]. This strategy was used to
identify the microRNA miR-140-3p/5p, which modulates
Leydig cell differentiation in the fetal XY gonad, validating
the fact that the screen identified functionally important
microRNAs. This approach also revealed miR-202-5p/3p as
potential candidates to regulate fetal testis differentiation [22].
Furthermore, we found the primary transcript pri-miR-202 to
be testis-enriched expressed during mouse gonad development
in a microarray designed to detect long noncoding RNAs [43].
While some pre-miRNAs are processed from introns of
protein-encoding genes, pri-miR-202 is transcribed as the
independent noncoding transcript AK144366. The sequence of
the microRNA miR-202 is conserved in vertebrates (Fig. 1A)
and was previously shown to be expressed in adult testes of
human, mouse, Xenopus, Atlantic halibut [10, 11, 44, 45], and
fetal testes of chicken [9]. In order to determine whether miR-
202 is expressed in mouse embryonic gonads, we performed
section ISH for the primary transcript of miR-202, pri-miR-202
(Fig. 1B). Pri-miR-202 was detected in both XY and XX
gonads at 11.5 dpc. As the gonads differentiate, strong
expression of pri-miR-202 was evident in the testis around
the edge of the cords. Testis cords are composed of clusters of
germ cells surrounded by Sertoli cells, suggesting that pri-miR-
202 is expressed in Sertoli cells. Detection of weak pri-miR-
202 expression in the ovary at 12.5 and 13.5 dpc demonstrated
that it is dimorphically expressed as the gonads differentiate.
Fluorescent ISH with XY gonads at 13.5 dpc detected pri-miR-
202 in nuclear subdomains (Fig. 1C), as would be expected for
a primary miRNA transcript. Section ISH, combined with
immunohistochemistry staining for the cytoplasmic Sertoli cell
marker AMH showed that pri-miR-202 and AMH colocalize
within the same cells (Fig. 1D). Therefore, pri-miR-202 is
expressed within the nuclei of Sertoli cells. Expression of pri-
miR-202 was not detected at earlier stages of embryonic
development (Supplemental Fig. S1).
Expression of miR-202-5p and miR-202-3p Is Sexually
Dimorphic
Having detected embryonic expression of pri-miR-202 in
fetal gonads, we next investigated whether pri-miR-202 is
processed to mature miRNAs, and quantified the relative
expression levels between XY and XX gonads. Quantitative
RT-PCR with gonad-only tissue detected expression of both
miR-202-3p and miR-202-5p in embryonic gonads, with
increasing levels of expression as the gonads differentiated
(Fig. 2A). By 13.5 dpc, the expression of both strands was
significantly higher in testes than in ovaries. This expression
pattern was congruent with that observed in our high-
throughput sequencing approach using RNA from mouse
embryonic gonads from 11.5 to 13.5 dpc (Supplemental Fig.
S2, [22]), which also indicated that in the embryonic gonad,
miR-202-5p is the predominantly expressed miRNA strand
from the pre-mir-202 hairpin.
LNA section ISH was then used to confirm that miR-202-3p
is processed within the same cell type as the primary transcript
(Fig. 2B). In the XY gonad, miR-202-3p was detected in the
cytoplasm of cells toward the edge of the testis cords, a pattern
consistent with expression in Sertoli cells. The opposing
hairpin strand, miR-202-5p, was also detected by LNA ISH in
Sertoli cells; however, signal was also detected at other sites in
the embryo that we were unable to validate by high-throughput
sequencing (data not shown), suggesting that the miR-202-5p
probe may not be specific. To further confirm the expression of
miR-202-5p in somatic but not germ cells, we performed qRT-
PCR with sorted gonadal cells from 13.5-dpc Sf1-eGFP
embryos [37]. Germ cells were isolated using an anti-SSEAI
antibody and pooled Sertoli and Leydig cells based on the
expression of eGFP driven by the Sf1 promoter [37].
Quantitative RT-PCR with the Sertoli cell marker Sox9 and
the germ cell marker Mvh showed that while some germ cells
were present in the eGFP-positive cell population, the germ cell
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population was free of Sertoli and Leydig cells (Fig. 2C, left
and middle panels). Quantitative RT-PCR for miR-202-5p
demonstrated that this miRNA was highly enriched (500-fold
higher) in the eGFP-positive cell fraction compared to that in
isolated germ cells (Fig. 2C, right panel), further corroborating
our ISH results. Therefore, miR-202-5p/miR-202-3p are
expressed in a sexually dimorphic pattern during embryonic
gonad development and localize to Sertoli cells in the testis.
In Vivo Overexpression of pri-miR-202 in XX Gonads
To investigate the function of pri-miR-202 in vivo, we
generated a mouse model in which pri-miR-202 was overex-
pressed in embryonic gonadal somatic cells. This mouse model
was used to determine whether overexpression of pri-miR-202
disturbs the ovarian pathways of gene expression. We
overexpressed pri-miR-202 together with eGFP driven by an
internal ribosome entry site (IRES) under the control of the
regulatory region of the Wilms tumor suppressor gene Wt1. We
chose the regulatory region of Wt1 because this gene is
expressed in the somatic cells of XX and XY genital ridges
from approximately 10.5 dpc [46]. This strategy was used
previously to show that ectopic expression of Sox10 in an XX
gonad was able to direct testicular development [27]. All
transgenic XX and XY mice were fertile and survived to
adulthood.
Investigation of transgenic testes by immunofluorescence
showed that eGFP is expressed in Sertoli cells at 13.5 dpc as
expected (Supplemental Fig. S3A). However, surprisingly,
although the primary transcript pri-miR-202 was increased
approximately 2-fold (Supplemental Fig. S3B, left panel), the
level of the processed, mature microRNA miR-202-5p was not
significantly changed (Supplemental Fig. S3B, right panel).
Accordingly, we did not observe any phenotypic changes in
developing transgenic testes at 13.5 dpc as determined by
immunofluorescence for the Sertoli cell marker AMH, the
germ cell marker MVH, the Leydig cell marker SCC, and the
endothelial cell marker isolectin B4 (Supplemental Fig. S3C).
Analysis of transgene expression by immunofluorescence-
detected eGFP in the XX gonad at 11.5, 13.5, and 15.5 dpc in
heterozygous transgenic mice (Fig. 3A), demonstrating that the
transgene is also expressed during XX embryonic gonad
FIG. 1. pri-miR-202 is expressed in the nuclei of Sertoli cells in the embryonic XY gonad. A) The sequences of miR-202-5p (green) and miR-202-3p (red)
are conserved in vertebrates: Hsa, human; Mmu, mouse; Gga, chicken; Dre, zebrafish. B) Section ISH in XYand XX gonads for pri-miR-202 at 11.5, 12.5,
and 13.5 dpc demonstrated expression in testis cords. Bar¼100 lm. C) Section fluorescent ISH of 13.5-dpc testes for pri-miR-202 (red) and DAPI marking
the nuclei (blue). Arrow indicates pri-miR-202 in nuclear subdomains within the testis cords. At low magnification, dotted line marks gonad, and at high
magnification, dotted line marks testis cords. Bars¼100 lm (left panel) and 50 lm (right panel). D) Section ISH of XY gonads at 13.5 dpc for pri-miR-202
(purple) with immunohistochemistry for AMH (brown). Arrows indicate nuclear pri-miR-202 and cytoplasmic AMH within the same cell. Asterisks mark
germ cells with no AMH or pri-miR-202 expression. At low magnification, dotted line marks gonad, and at high magnification (region marked by rectangle
in left panel), dotted line marks testis cords. Bars¼ 100 lm (left panel) and 50 lm (right panel).
WAINWRIGHT ET AL.
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development. Colocalization of eGFP with markers of XX
somatic cells (FOXL2) and germ cells (MVH) at 13.5 dpc
demonstrated that this expression was restricted to the somatic
cell lineage in the XX gonad, as expected (Fig. 3B).
Quantitative RT-PCR at 13.5 dpc detected significantly
increased expression of pri-miR-202 and miR-202-5p in the
heterozygous (Tg/Wt) and homozygous (Tg/Tg) transgenic XX
gonads compared to that in wild-type XX gonads (Wt/Wt). The
expression of pri-miR-202 in XX Tg/Wt gonads and the
expression of the predominant mature microRNA miR-202-5p
in XX Tg/Tg gonads were comparable to the level in wild-type
testes (Fig. 3C).
To determine whether ovarian development was perturbed
in Tg/Tg XX mice, we examined several markers of XX and
XY gonad development. FOXL2, a marker of ovarian somatic
cells, was expressed at wild-type levels in Tg/Wt, Tg/Tg XX
gonads at 11.5, 13.5, and 15.5 dpc (Fig. 4A). Furthermore, the
ovarian somatic cell genes Wnt4 and Rspo1 showed no
significant change in expression in XX Tg/Wt, Tg/Tg gonads
compared to XX Wt/Wt at 13.5 dpc (Fig. 4B), suggesting that
ovarian somatic cell determination proceeds normally. In
addition, the expression of Sertoli cell genes Sox9 and Amh,
and the Leydig cell gene Hsd3b, were unchanged in Tg/Wt, Tg/
Tg XX gonads compared to wild-type at 13.5 dpc (Fig. 4B),
showing that the cells did not differentiate into testicular
somatic cells. Furthermore, there was no change in the
expression of the germ cell marker Mvh, suggesting that germ
cells are present at wild-type numbers. Taken together, no
changes to molecular sex determination pathways and gonad
development were detected in transgenic gonads.
To further assess miR-202-5p function, we queried for
potential target genes using TargetScan, miRWalk, and RNA22
[40–42]. This analysis identified a total of 36 genes that were
predicted to be targeted by at least two algorithms (Supple-
mental Table S2). Interestingly, 11 of the 36 target genes were
also putative target genes of miR-140-3p (Supplemental Table
S2, right column), a microRNA we previously showed to be
expressed in Sertoli cells of the developing testis [22].
Expression of pri-miR-202 Is Perturbed in the Absence of
SOX9 and SF1
Expression of pri-miR-202 in Sertoli cells during XY gonad
differentiation suggested that regulation of pri-miR-202
transcription might be downstream of the transcription factor
SOX9. To test this hypothesis, pri-miR-202 expression was
investigated in a mouse model where SOX9 expression is
absent. The expression of pri-miR-202 was examined in testes
of mouse embryos in which Sox9 was conditionally inactivated
from 10.5 dpc; these embryos were generated by mating
Sox9flox/flox mice with mice expressing Cre recombinase under
the control of the cytokeratin 19 promoter [25]. Expression of
FIG. 2. The miRNAs miR-202-5p/3p are expressed in a dimorphic manner, as gonads differentiate. A) TaqMan qRT-PCR detected expression of miR-202-
3p andmiR-202-5p in XY (blue) and XX (pink) gonads at 11.5, 12.5, and 13.5 dpc. n¼3; error bars represent SEM. *P, 0.05 by unpaired Student t-test. B)
Section ISH for pri-miR-202, miR-202-3p (LNA modified probe), and scrambled (LNA modified probe) in XY gonads at 13.5 dpc. Arrows indicate
colocalization on adjacent sagittal sections between pri-miR-202 nuclear staining and miR-202-3p cytoplasmic staining. At low magnification, dotted line
marks gonad tissue, and at high magnification, dotted line marks testis cords. Bars¼100 lm (left panels) and 20 lm (right panels). C) Quantitative RT-PCR
for the Sertoli cell marker Sox9 (left panel), the germ cell marker Mvh (middle panel), and miR-202-5p (right panel) relative to Tbp and sno202,
respectively, of isolated germ cells and eGFP-positive cells from 13.5 dpc Sf1-eGFP testes. Error bars represent technical SEM.
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pri-miR-202 was examined in testes between 15 ts (approxi-
mately 11.2 dpc) and 27 ts (approximately 12.5 dpc). At all
stages tested, the expression of pri-miR-202 in Sox9-null XY
gonads was weaker than that seen in wild-type XY gonads
(Fig. 5A). These mice display complete sex reversal, with
occasional ovotestis formation [25]. Importantly, the expres-
sion of pri-miR-202 was reduced in those samples prior to
morphological sex reversal (15, 16, and 18 ts). Therefore, these
data suggest that pri-miR-202 transcription is downstream of
SOX9.
Because SOX9 directly up-regulates a number of genes in
testes in conjunction with SF1 [47, 48], we investigated the
expression of pri-miR-202 in Cited2 (Glu/Asp-rich carboxyl-
terminal domain 2) null mice. Sf1-null mice display complete
gonad agenesis with gonads regressing after sex determination
[49], thus prohibiting investigation of downstream targets of
SF1 in this mouse model. CITED2 interacts with the
transcription factor WT1 and together they function to ensure
elevated Sf1 levels. Cited2-null mice exhibit a delay in the
testis determination program that results from the failure of
enhanced Sf1 expression and not as a direct consequence of
loss of Cited2 [50]. Sf1 expression levels recover by 12.5 dpc
(30 ts) in Cited2-null gonads [51], so we examined the
expression of pri-miR-202 at 24–27 ts in XY gonads. Relative
to the wild-type, the expression of pri-miR-202 was signifi-
cantly reduced in Cited2-null testes, suggesting that pri-miR-
202 transcription is downstream of SF1 (Fig. 5B).
SOX9 and SF1 Regulate pri-miR-202 Expression via a 4-kb
Promoter
Because pri-miR-202 transcription is evidently downstream
of SOX9, we reasoned that SOX9 might directly transactivate
the pri-miR-202 promoter. A;4-kb region proximal to the pri-
miR-202 transcription start site (Fig. 6A), WT promoter 1 (WT
prom 1), was cloned into a luciferase reporter plasmid to study
the putative promoter activity. This vector was electroporated
into fetal gonad explants and ex vivo luciferase assays were
performed. The ;4-kb promoter region showed 5- to 6-fold
transactivation in 13.5 dpc XY gonads compared to 13.5 dpc
FIG. 3. Wt1:202-IRES-eGFP transgenic mice express pri-miR-202 in ovarian somatic cells. A) Immunofluorescence on paraffin sections for eGFP (green)
detected transgene expression in transgenic mice from 11.5 to 15.5 dpc. Bar¼ 100 lm. B) In the XX gonad at 13.5 dpc, eGFP (green) colocalizes with
FOXL2 (red) in a subset of somatic cells (upper panels) but not MVH (red) in germ cells (bottom panels). White dashed lines indicate gonad tissue and cell
nuclei are visualized with DAPI (blue). Bars¼ 100 lm (left panels) and 50 lm (right panels). C) Quantitative RT-PCR detected expression of pri-miR-202
and miR-202-5p at 13.5 dpc, with increasing expression in XX heterozygous Tg/Wt and XX homozygous Tg/Tg gonads compared to XX wild-type (WT).
Expression of pri-miR-202 was normalized to that of Tbp, and expression ofmiR-202-5p was normalized to that of the small nucleolar RNA sno202. n¼3–
6. Error bars represent SEM. *P , 0.05; **P , 0.01.
WAINWRIGHT ET AL.
6 Article 34
D
ow
nloaded from
 w
w
w
.biolreprod.org. 
XX gonads (Fig. 6B), suggesting that this region contains at
least some of the regulatory elements required for pri-miR-202
transactivation. For the majority of assays, transactivation of
WT promoter 1 in XX gonads was too low to be detected.
Bioinformatics analysis of the 4-kb proximal promoter
identified several SOX and SF1 consensus binding sites (Fig.
6A), (A/T)(A/T)CAA (A/T)G and GTCAAGGTCA respec-
tively [47, 48]. Based on mammalian conservation and
FIG. 4. Sexual development of the gonad is normal in XX Wt1:202-IRES-eGFP mice. A) Immunofluorescence on paraffin sections for FOXL2 detected
somatic cells at 11.5, 13.5, and 15.5 dpc XX Wt1:202-IRES-eGFP mice. Arrows indicate FOXL2 positive cells and asterisks indicate nonspecific
fluorescence of blood cells. Bars¼100 lm for 11.5 dpc (top panel) and 200 lm for 12.5 and 13.5 dpc (middle and bottom panel). B) Quantitative RT-PCR
did not detect any change in expression of male somatic cell marker Sox9, fetal Leydig cell marker Hsd3b and germ cell marker Mvh or female somatic
cell markers Wnt4 and Rspo1. Error bars represent SEM, n¼ 3–4. ns, not significant.
SOX9 REGULATES miR-202-5p/3p TRANSCRIPTION
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proximity to putative SF1 binding sites, several putative SOX
sites were selected for analysis of in vitro SOX9 binding,
including a SOX site 0.1 kb proximal to the transcription start
site SOX-0.1 (Fig. 6, A and C).
Electrophoretic mobility shift assays were performed to
identify whether SOX9 could bind directly to these elements
(only SOX-0.1 is shown). Nondenaturing polyacrylamide gel
electrophoresis identified a shift in the migration of wild-type
(WT) SOX-0.1 DNA fragment with GST-tagged SOX9 that
was not evident with GST-tagged fibroblast growth factor
receptor 2 (FGFR2) protein, suggesting that GST-SOX9 bound
to the SOX-0.1 element (Fig. 6D). Mutation of the SOX
consensus site (MUT SOX-0.1) prevented this binding,
suggesting that it was a sequence-specific interaction (Fig.
6D). Therefore, these data show that SOX9 binds to SOX-0.1
in vitro.
Site-directed mutagenesis was then used to introduce the
mutated SOX-0.1 into the 4-kb putative pri-miR-202 promoter
luciferase reporter vector that was previously used for the ex
vivo gonad luciferase assays. In addition, three other promoter
reporters were generated: the full-length 4-kb promoter with a
mutated SF1-0.1 site and two truncated regions of the 4-kb
wild-type promoter (WT promoter 2 and 3), 3.5 kb and 0.5 kb
(Fig. 6A). Subsequently, ex vivo gonad luciferase assays of XY
gonads were performed using these modified promoter regions.
Truncation of the 4-kb wild-type promoter region resulted in a
loss of promoter activity, suggesting that critical regulatory
elements were contained within the full-length 4-kb region.
Furthermore, mutation of the SOX-0.1 site or the SF1-0.1 site
abolished transactivation of the wild-type promoter, suggesting
that SOX9 and SF1 directly regulates the pri-miR-202
promoter via these regulatory elements (Fig. 6E).
DISCUSSION
Mammalian sex is determined by a balance of male- and
female-inducing factors, most notably SRY, SOX9, and FGF9,
promoting testicular differentiation, and WNT4, RSPO1 and
FOXL2, promoting ovarian differentiation. Because micro-
RNAs are known to function in fine-tuning of gene expression
and enforcing developmental decisions, we investigated
whether microRNA gene regulation plays a role in sex
determination in the mouse model system. Here, we examined
the expression, regulation, and function of the microRNAs
miR-202-5p and miR-202-3p in mouse embryonic gonads,
identifying these miRNAs as candidates that regulate embry-
onic testis development. In addition, we showed that the
expression of these miRNAs are likely to be regulated directly
by the testis-determining factor SOX9, demonstrating that
SOX9 function is not only important for the regulation of
protein-encoding genes but also nonencoding RNAs.
Conserved Testicular Expression of miR-202-5p/3p
The miRNA miR-202-5p/3p is a member of the let-7 family.
The let-7 family members are highly conserved across species
both in sequence and function, with an increase of let-7
expression generally associated with cell differentiation (for
review see [52]). We found that miR-202-5p/3p is upregulated
in Sertoli cells during mouse testis differentiation. Interesting-
ly, previous studies have suggested that miR-202 is expressed
in both somatic and germ cells postnatally [10], suggesting that
its expression is upregulated in germ cells at later stages during
development. The testis-enriched expression during gonad
differentiation is conserved in birds, with chicken showing
high miR-202-5p/3p expression in developing testes compared
to ovaries [9]. Furthermore, the association of pri-miR-202
with the male gonad differentiation program was investigated
in an avian model of sex reversal where estrogen synthesis was
manipulated in ovo. In this sex reversal system, the expression
of miR-202-5p decreased in feminized ZZ gonads and
increased in masculinized ZW gonads, demonstrating that
miR-202-5p expression is associated with male gonad devel-
opment.
In addition, the expression of miR-202-5p/3p has been
detected in immature and mature gonads in a number of
vertebrate species, including Atlantic halibut, pig, human,
mouse, and Xenopus [10, 11, 13, 45, 53]. Thus, the
evolutionarily conserved expression pattern of miR-202-5p/3p
FIG. 5. pri-miR-202 expression is reduced in Sox9-null and Cited2-null XY gonads. A) pri-miR-202 expression in cytokeratin 19;Sox9-null mice. Each
datum point is representative of n¼ 1 and is shown relative to a tail somite-matched wild-type sample. Expression is normalized to that of 18S. Error bars
represent technical error. B) pri-miR-202 expression in XY Cited2-null mice at 12.25 dpc. n ¼ 3; expression is normalized to Sdha and is represented
relative to wild-type expression. *P , 0.05, by unpaired students t-test. Error bars represent SEM.
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suggests that it plays a role during fetal testis differentiation
and possibly has a function in postnatal testis and ovary.
Transcriptional Regulation of pri-miR-202 Expression
The transcription of microRNAs as long primary transcripts
by RNA polymerase II is regulated by transcription factors.
SOX9 is a master regulator of Sertoli cell differentiation in
mouse and humans, being both necessary and sufficient for
testis determination [3, 54, 55]. A number of direct target genes
for SOX9 have been identified and shown to have important
functions in Sertoli cell differentiation, maintenance, and male
sex determination, such as anti-Mu¨llerian hormone, which
promotes regression of the Mu¨llerian duct [47, 56], and
prostaglandin D synthase, which functions in a positive
feedback loop to ensure Sox9 expression and therefore Sertoli
cell differentiation [28, 32]. SOX9 has previously been shown
to regulate the expression of another miRNA, pri-miR-140,
which is contained within an intron of the Wwp2 gene [57, 58].
Therefore, direct transcriptional regulation of microRNA gene
expression may be an important contribution to the function of
SOX9 protein.
FIG. 6. pri-miR-202 promoter activity requires SOX9 binding element. A) In silico analysis of the putative pri-miR-202 promoter shows several potential
SOX binding sites (blue) and SF1 binding sites (purple) with emphasis on SOX-0.1 and SF1-0.1 sites. Regions included in promoter constructs used in B
and E (WT prom 1 2 and 3, SOX-0.1 MUTand SF1-0.1 MUT) are indicated. B) Ex vivo gonad luciferase assays with 4 kb wild-type promoter in XYand XX
13.5 dpc gonads. In most assays, transactivation was not detected in XX gonads, and XX transactivation reflects the few assays that detected activity above
baseline. C) Conservation of the DNA sequence in mammals of the SOX-0.1 element. D) Electrophoretic mobility shift assay with wild-type (WT) or
mutated (MUT) SOX-0.1 element from the pri-miR-202 promoter. Radioactively labeled DNA was incubated with either GST-SOX9 or GST-FGFR2 as
control. Black arrow indicates bound probe, red arrow indicates free probe. E) Ex vivo gonad luciferase assays in XY 13.5 dpc gonads with 4-kb wild-type
promoter (WT prom 1), 3.5-kb wild-type promoter (WT prom 2), 0.5-kb wild-type promoter (WT prom 3), SOX-0.1 mutant promoter, and SF1-0.1 mutant
promoter. Dual luciferase activity of each promoter was normalized to testes electroporated with pGL2-basic control vector. Following normalization, the
fold change of each promoter construct was calculated relative to the WT promoter 1 activity. None of the promoter constructs expressed measurable
luciferase activity in XX gonads (data not shown). Error bars represent SEM. Data was subjected to a one-way ANOVA and a Dunnett multiple comparison
post hoc test relative to the control WT promoter 1. *P , 0.05; **P , 0.01, n ¼ 4.
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Investigation of pri-miR-202 expression in the Ck19;Sox9-
null mouse model demonstrated that pri-mR-202 expression
was dependent on SOX9. There were several limitations to
using this mouse model. The number of samples available was
limited, with only 1 in 64 embryos generated carrying the
correct Sox9-null XY genotype [25]. Furthermore, the dynamic
increase in expression of Sox9 [59] and pri-miR-202 from 11.5
to 12.5 dpc prohibited similarly staged samples such as 15, 16,
and 18 ts from being pooled as previously published [60].
However, at all time points there was a clear trend showing that
pri-miR-202 expression was reduced, and notably, expression
was reduced in samples prior to morphological sex reversal.
Characterization of the putative pri-miR-202 promoter ex
vivo suggested that SOX9 and SF1 transactivate pri-miR-202
through this genomic region, with mutation of a specific SOX
and SF1 binding site ameliorating this transactivation. These
results were further supported in vivo in the Cited2-null mouse
model. These mice have been previously shown to have
reduced Sf1 expression [50, 51], which was associated with
reduced pri-miR-202 expression. However, a truncation of the
wild-type promoter region, which still contained the identified
SOX and SF1 binding sites, also reduced transactivation,
demonstrating that additional regulatory elements are required
for full promoter activity. Bioinformatics analysis identified, in
addition to the SOX and SF1 binding sites, GATA4, FOXL2,
SMAD, and KRAB binding sites, all factors that have been
shown to play a role in mammalian gonad development [61–
63]. Given that pri-miR-202 is expressed in the developing
ovary at 11.5 dpc but is downregulated thereafter, it is possible
that the putative FOXL2 binding sites are important for the
repression of this noncoding RNA in ovarian somatic cells. In
addition, we identified a putative paired-SOX binding site
within this deleted region. Paired-SOX sites have been shown
to be important for full activation by SOX9 [64]. However,
electrophoretic mobility shift assays did not confirm SOX9
binding to this DNA sequence in vitro (data not shown),
suggesting that SOX9 binding to this paired-SOX site does not
play a role in the transcriptional activation of pri-miR-202. In
summary, our data from the expression analysis of Sox9 and
Sf1 loss-of-function mouse models and mutation of the pri-
miR-202 promoter support the conclusion that SOX9/SF1
positively regulates pri-miR-202 expression during testicular
development.
Function of miR-202-5p/3p
Previous studies have addressed the global function of
microRNAs by deletion of Dicer1 in the Sertoli cell lineage at
13.5 dpc, using the Amh-Cre, or at 10 dpc by using the Sf1-Cre
[19, 20, 65, 66]. In both mouse models, a phenotype was
evident only in the postnatal testis [19, 20, 65, 66].
Interestingly, the expression of Sertoli cell-specific miRNAs
in Dicer1;Amh-Cre testes were significantly reduced only at
P5, despite ablation of Dicer1 12 days earlier [19], suggesting
that miRNAs are inherently stable in Sertoli cells and/or
DICER1 protein itself has a long half-life in Sertoli cells,
making it difficult to study the function of miRNAs in fetal sex
determination and early gonad development. Therefore, the
function of microRNAs in somatic gonad development should
be addressed by a candidate-based approach.
To date, no direct physiological function for miR-202-5p/3p
has been identified. Our present data suggest that ectopic
expression of pri-miR-202 in XX transgenic mice does not
overtly influence sex determination, although it may prove to
have an important role in testis differentiation and function. A
possible explanation for the lack of observable effect is that the
endogenous targets of miR-202-5p/3p may not be present in
ovarian somatic cells and thus, rather than inhibiting ovary-
determining pathways, miR-202-5p/3p may regulate testis-
specific gene networks. Bioinformatics analysis, using the
stringent criterion that a gene must be identified as a potential
target by at least two algorithms, revealed 36 genes as target
genes of miR-202-5p (Supplemental Table S2). Eleven of the
36 miR-202-5p target genes were also predicted to be targeted
by miR-140-3p (Supplemental Table S2), which is coexpressed
with miR-202-5p in Sertoli cells in the early XY gonad [22].
However, none of these targets has a known role in sex
determination and early gonad development. In the gain-of-
function experiment we have tested whether pri-miR-202 can
act as a dominant testis-determining factor, which precludes
analysis of a possible function in enforcing the male
determination program or in supporting decisions of testis
differentiation. Therefore, the generation of pri-miR-202-null
mice is required before the function of miR-202-5p/3p can be
defined in XY gonadal somatic cells.
Our transgenic mouse model resulted in the overexpression
of pri-miR-202 not only in somatic cells of the ovary but also in
Sertoli cells within the developing testis. Intriguingly, while we
detected an increase in the level of the primary transcript in
transgenic testes, this did not result in an increase in the
processed, mature miRNA, suggesting a testis-specific negative
feed-forward loop. This regulation could be at the Drosha level,
as has been described for a number of proteins and signaling
pathways such as the DE-AD-box RNA helicases p68 and p72
[67], BMP signaling [68], and LIN28 (for review see [69]), at
the level of miRNA export by exportin-5, similar to what has
been described for miR-105, miR-128, and miR-31 [70], or
through the control of cleavage by Dicer. The exact mechanism
of the here-identified testis-specific processing is currently not
known and needs further, more detailed investigation,
including its specificity for processing of miR-202.
In the emerging paradigm of miRNA regulation of gene
expression, it appears that microRNAs can be grouped into
three categories. First, miRNAs may act as a switch to regulate
a sharp developmental decision, usually through one main
target gene. Second, miRNAs may regulate networks of genes
to enforce stochastic developmental decisions. Third, miRNAs
may regulate gene networks that buffer perturbation of normal
physiological processes (reviewed in [71, 72]). To that end, it
would be interesting to cross pri-miR-202-overexpressing
transgenic mice onto a partial XX sex reversed genetic
background, such as Wnt4-null mice, to determine whether
pri-miR-202 can enforce testicular differentiation in the context
of a weaker ovarian program.
Alternatively to its physiological role, miR-202-5p/3p
expression has been shown to be associated with pathological
conditions, suggesting a function in a disease setting. Human
miR-202-5p was one of 10 microRNAs upregulated in ovarian
endometriomas compared with normal endometrium [73]. In
addition, miR-202-3p was found to directly repress the
expression of the proto-oncogene myelocytomatosis virus-
related oncogene, neuroblastoma-derived (avian) Mycn, sug-
gesting a function for miR-202-5p/3p as a tumor suppressor
[74]. Should miR-202-5p/3p function to provide robustness to
gene networks by attenuating aberrant transcripts; perhaps
investigation of miR-202-5p/3p in mouse models of ovarian
and testicular cancer will clarify its biological function.
In summary, we have determined that pri-miR-202 and miR-
202-5p/miR-202-3p are upregulated during fetal testis differ-
entiation with strong expression in Sertoli cells. In vivo,
expression of pri-miR-202 in XX gonads does not disrupt XX
embryonic sex determination and differentiation. Furthermore,
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we have demonstrated that a 4-kb putative promoter region of
pri-miR-202 is sufficient to drive dimorphic expression
between XY and XX gonads ex vivo and that pri-miR-202
may be a direct transcriptional target of SOX9/SF1. From the
reported data, we conclude that upregulation of miR-202-5p/
miR-202-3p marks XY gonad differentiation and functions
downstream of the testis-determining factors SOX9 and SF1.
However, definition of the function of pri-miR-202 in the XY
gonad requires the generation of pri-miR-202-null mice.
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ABSTRACT
MicroRNAs (miRNAs) have been shown to play key regulatory
roles in a range of biological processes, including cell
differentiation and development. To identify miRNAs that
participate in gonad differentiation, a fundamental and tightly
regulated developmental process, we examined miRNA expres-
sion profiles at the time of sex determination and during the
early fetal differentiation of mouse testes and ovaries using high-
throughput sequencing. We identified several miRNAs that were
expressed in a sexually dimorphic pattern, including several
members of the let-7 family, miR-378, and miR-140-3p. We
focused our analysis on the most highly expressed, sexually
dimorphic miRNA, miR-140-3p, and found that both miR-140-3p
and its more lowly expressed counterpart, the previously
annotated guide strand, miR-140-5p, are testis enriched and
expressed in testis cords. Analysis of the miR-140-5p/miR-140-
3p-null mouse revealed a significant increase in the number of
Leydig cells in the developing XY gonad, strongly suggesting an
important role for miR-140-5p/miR-140-3p in testis differentia-
tion in mouse.
gonad development, high-throughput sequencing, microRNA, sex
determination, strand selection, testis differentiation
INTRODUCTION
Sex determination, which is regulated by a number of
molecular pathways, is a fundamental process for the
maintenance and continuation of life. In mammals, sex is
determined genetically through the inheritance of an X or a Y
chromosome from the father. The main embryonic process that
is influenced by the sex chromosomes is the differentiation of
the bipotential genital ridge into a testis or an ovary.
The Y chromosome harbors the testis-determining gene Sry,
which, in mouse, is transiently expressed in the supporting cell
precursors of the indifferent genital ridge from 10.5 to 12.5
days postcoitum (dpc) [1–3]. SRY directly up-regulates the
related factor SOX9 [4], which drives the differentiation of
these precursor cells into Sertoli cells [5, 6]. Sertoli cells then
assemble around clusters of primordial germ cells (PGCs) to
form the testis cords [7]. Sertoli cells also coordinate the
differentiation of other cell types in the developing testis,
including the migration of endothelial cells from the underlying
mesonephros to form the testis-specific vasculature [8, 9] and
the differentiation of interstitial cells into long, flattened
peritubular myoid cells that will form a contractile layer
around the testis cords [10]. Another cell type that differen-
tiates from interstitial precursor cells is the steroidogenic
Leydig cell. Leydig cells are initially specified by the
morphogen desert hedgehog (DHH) secreted by Sertoli cells
[11]. Additional Leydig cells are then recruited from
undifferentiated progenitors, with the Notch signaling pathway
maintaining the progenitor population and restricting their
differentiation into fetal Leydig cells [12].
In the absence of the Y chromosome, or if Sry is
nonfunctional, ovarian determining pathways are activated,
and the bipotential genital ridge will develop into an ovary. In
contrast to the testis, the ovary changes very little morpholog-
ically during the first few days during embryonic development.
At around 13.5 dpc, PGCs in an ovary will start to form germ
cell nests or cysts and, as part of their differentiation process,
start to enter meiosis in an anterior-to-posterior wave [13, 14].
Only after birth will the germ cell cysts break apart, with single
germ cells becoming surrounded by granulosa cells, the
supporting cell lineage of the ovary, to form the primordial
follicle [15].
While less than 1.5% of the mammalian transcriptome
encodes proteins, at least 80% is transcribed (ENCODE 2012),
suggesting that the mammalian genome encodes a vast suite of
RNAs, most of which may be regulatory [16] and are likely to
play key roles in developmental processes, including gonad
formation. MicroRNAs (miRNAs) are the most well-studied
class of small nonprotein-coding RNA and are now known to
affect nearly all fundamental cellular processes, including cell
differentiation, proliferation, cell-cycle regulation, and devel-
opment [17–19]. These 20- to 22-nucleotide (nt)-long RNAs
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are transcribed in the nucleus as long primary transcripts and
cleaved to form a 70- to 80-nt stem-loop precursor. This pre-
miRNA is further processed in the cytoplasm into a ragged-end
RNA duplex, normally thought to consist of the so-called
‘‘mature’’ miRNA, and its presumed nonfunctional counter
part, dubbed the miRNA* [20]. The most widely accepted
models posit that the mature miRNA is selected as the guide
strand, which mediates gene regulation by directing the RNA-
induced silencing complex RISC to a target mRNA, while the
miRNA* strand is quickly degraded [21].
Previous expression profiling experiments investigating
fetal and postnatal mouse ovaries and testes have demonstrated
that miRNAs are expressed in a sexually dimorphic pattern
[22–25], including high expression of miR-106b and miR-107
in testes and high levels of let-7a, let-7b, and let-7c in ovaries
[22]. To identify the role miRNAs play in gonad development,
a conditional Dicer1 knockout mouse was used to completely
ablate miRNAs in the gonad. These mice displayed a relatively
late phenotype after birth [26–29]. This late phenotype is due to
the fact that the Cre deleter in mice used in these experiments is
activated at around 13.5 dpc in the differentiating gonad, 2
days after sex is determined by the expression of Sry. In
addition, Papaioannou et al. [29] found that miRNA levels
decreased only very slowly following Dicer1 deletion,
demonstrating that miRNAs are stable for days. It is, therefore,
clear that studies of miRNA function at early gonad
development time points must be restricted to individual
miRNAs that can be selectively ablated.
In the present study, we investigated the miRNA expression
profiles between the developing XY and XX gonad at 11.5,
12.5, and 13.5 dpc using high-throughput sequencing. This
approach allowed us to successfully identify sexually dimor-
phic expression of 46 miRNAs. Candidates were validated, and
further characterization of the mir-140 knockout mouse
established a role for miR-140-5p/miR-140-3p in testis
differentiation.
MATERIALS AND METHODS
Animal Collection, Gonad Tissue Collection, and Embryo
Sexing
Embryos were collected from timed matings of outbred CD1-strain mice,
with noon of the day on which the mating plug was observed designated as 0.5
dpc. Embryo sex was determined using PCR, with tail DNA for the Y
chromosome gene Zfy (5P: 50-GAC TAG ACA TGT CTT AAC ATC TGT CC-
30; 3P: 50-CCT ATT GVA TGG ACT GVA GCT TAT G-30) and the X
chromosome gene Ube1x (5P: 50-TGG TCT GGA CCC AAA CGC TGT CCA
CA-30; 3P:50-GGC AGC AGC CAT CAC ATA ATC CAG ATG-30). Protocols
and use of animals were approved by the Animal Welfare Unit of the
University of Queensland (approval IMB/131/09/ARC), which is registered as
an institution that uses animals for scientific purposes under the Queensland
Animal Care and Protection Act. The generation of the pre-miR-140-null mice
has been described previously [30], and experiments were performed according
to protocols approved by the Institutional Animal Care and Use Committee at
the National Institute for Child Health and Development.
Small RNA Library Construction and Sequencing
To analyze differences between XY and XX developing gonads, gonads
(mesonephroi removed) were dissected from 11.5, 12.5, and 13.5 dpc mouse
embryos. Small RNAs from all samples were prepared in parallel using the
miRNeasy Mini Kit (Qiagen) from pooled testes and ovaries from 11.5 dpc to
13.5 dpc, with 15 genital ridges per pool at 11.5 dpc and 12–14 gonad pairs per
pool at 12.5 and 13.5 dpc. The quality of the RNA was analyzed using a
BioAnalyzer and was of high quality (RIN score .8). RNA (1.5 lg) was used
for each sex and stage to prepare six libraries, which were sequenced on the
Illumina Genome Analyzer II platform (Illumina) using a standard single-read
36-cycle sequencing protocol and Illumina’s sequencing reagents according to
the manufacturer’s recommendations. Each library was sequenced individually
on a single-flow cell lane (Supplemental Table S1; all Supplemental Data are
available online at www.biolreprod.org).
To further quantify miRNA expression, we investigated small RNAs (15–
36 nt) from testes and, for comparison, limb buds from 13.5 dpc mouse
embryos using the MiSeq platform (Illumina; Supplemental Table S1).
Independent, directional small RNA libraries suitable for sequencing on the
MiSeq platform were prepared using TruSeq Small RNA Sample Preparation
Kit (part# RS-200-0012; Illumina) following the manufacturer’s recommenda-
tions. Libraries were size selected as per the standard protocol and were
quantified on the Agilent BioAnalyzer 2100 (G2939AA; Agilent) using the
High Sensitivity DNA kit (5067-4626; Agilent). Quantified libraries were
subsequently sequenced on the Illumina MiSeq sequencing platform running
software version 2.0.5 and a titration point of 8pM for cluster generation. Each
library was sequenced as per the manufacturer’s recommendations using MiSeq
Reagent Kit 50 Cycles (MS-102-1002; Illumina), with matched lot numbers
generating reads of 50 bp. A single index read of 6 bp was generated in addition
to the 50-bp read to positively identify samples and minimize cross talk.
Small RNA Mapping and Normalization
In all cases, high-throughput sequencing tags were adaptor trimmed using
the fastx toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) and mapped to the
latest version of the mouse genome (NCBI37/mm9) using Bowtie [31]. To
avoid erroneous identification of miRNAs, no mismatches were allowed. To
enable comparison between libraries, tags were normalized by library depth, or
counts per million (cpm). Briefly, the abundance of each sequence detected was
divided by the total abundance of small RNAs in each library (see
Supplemental Table S1), and the result was divided by 106.
miRNA Expression Comparison
The mapped positions of the small RNA sequencing tags were intersected
with the annotated genomic positions of mature and star (*) mouse miRNAs in
miRBase (Release 15.0; http://microrna.sanger.ac.uk/sequences/index.shtml)
[32]. Only tags that mapped within an miRNA locus (mature or star) flanked by
six nt on both sides of the miRBase annotation were classified as miRNAs.
Only miRNAs mapping to a single location in the genome or mapping within a
known miRNA precursor were used for differential expression analysis.
Normalized expression level (cpm) of each miRNA was compared between XY
and XX gonads for each sequenced developmental stage. All analyses were
performed using a series of in-house-developed Perl scripts and the R statistical
analysis software (http://www.r-project.org/).
Target Prediction
Messenger RNA targets for miR-140-3p and miR-140-5p within the Notch
signaling pathway were predicted in silico using MirWalk [33]. To identify
other potential gene targets for miR-140-3p, the target predictions for the two
most prevalent isomiRs were passed into TargetScan 5.2 Custom [34],
MirWalk, and RNA22 [35], and the prediction sets were intersected. Whenever
a target was predicted by at least two programs, it was considered as a gene
likely to be targeted by miR-140-3p.
Quantitative Reverse Transcription PCR
Gonads from 11.5 dpc to 13.5 dpc were dissected, and RNA was extracted
using an miRNeasy RNA Mini Kit following the manufacturer’s instructions
and eluted in 30 ll RNase-free water. RNA was reverse transcribed using the
Multiscribe Reverse Transcription enzyme (Applied Biosystems), with the
following parameters: 30 min at 168C, 30 min at 428C, 5 min at 858C.
Real-time PCR was performed using the Taqman Small RNA Assay
(Applied Biosystems) following the manufacturer’s instructions and the ABI-
PRISM 7000 sequence detection system (Applied Biosystems) with the
following parameters: 958C for 10 min, 958C for 15 sec, and 608C for 60 sec,
repeated over 40 cycles. Quantitative reverse transcription PCR (qRT-PCR)
was performed in triplicate with at least three independent biological samples.
Results were normalized to the small nucleolar RNA snoRNA202. Significance
was tested using Student t-test for samples of unequal variance.
Locked Nucleic Acid In Situ Hybridization
The double digoxigenin-labeled, predesigned miRCURY locked nucleic
acid (LNA) probes for section in situ hybridization (ISH) detection of miR-140-
5p and miR-140-3p, as well as an miR-scramble probe, were obtained from
Exiqon. Embryos were fixed in 4% paraformaldehyde (PFA) in PBS (PFA/
PBS), embedded in OCT compound (Sakura Finetek), and cryo-sectioned at 10
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lm. LNA-ISH was conducted as previously described [36], with the following
modifications. Hybridization of the probe occurred overnight with 1 pmol/ll
probe diluted in prehybridization solution at 588C. Postantibody washes, three
times for 5 min each, were performed in NT buffer (150 mM NaCl and 50 mM
Tris-HCl [pH 7.5]), followed by incubation for 10 min in NTM buffer (100 mM
NaCl, 100 mM Tris-HCl [pH 9.5], and 50 mM MgCl
2
). The color reaction was
prepared with 3.5 ll nitroblue tetrazolium and 3.5 ll 5-bromo-4-chloro-3-
indolyl-phosphate (Roche) per milliliter NTM and incubated in the dark until
color developed. The reaction was terminated in PBS, and samples were post-
fixed in 4% PFA/PBS for 10 min at room temperature. Slides were mounted
with Mount-Quick aqueous mounting medium (SPI Supplies) and photo-
graphed using an Olympus BX-51 microscope (Olympus).
Whole-Mount Immunofluorescence and Quantification
Mouse embryonic gonads were collected at 13.5 and 15.5 dpc, fixed for
several hours with 4% PFA/PBS, washed three times with PBS þ 0.1% Triton
3-100, and stored in 100% MeOH. To reduce the background, samples were
incubated in a 3:2:1 solution of (respectively) methanol, dimethyl sulfoxide,
and H
2
O
2
. Immunofluorescence was performed as described before [8]. Anti-
SCC antibody [37] was used at a 1:300 dilution and detected with anti-rabbit
alexa 647 (Invitrogen). Samples were imaged on a Zeiss LSM 510 Meta
confocal microscope (Zeiss) using a 403 oil objective. Data were acquired as
nonoverlapping, consecutive, 2-lm optical sections until the depth at which the
working distance for the objective was reached. Overlapping fields of view
were stitched using the Fiji image analysis program (http://fiji.sc/Fiji). All SCC-
positive cells were counted on every third optical section for the first 72 lm of
each sample and then averaged. This process was repeated for three wild-type
and three knockout samples at 13.5 dpc and four wild-type and four knockout
samples at 15.5 dpc. Data are represented as an average of all samples within a
genotype and age, and error bars represent the SEM. Significance was tested
using Student t-test for samples of unequal variance.
Northern Blot
Gonads of 13.5 dpc mouse embryos were dissected, and RNA was
extracted using the miRNeasy RNA Mini Kit following the manufacturer’s
instructions. To concentrate the RNA, samples were pooled, and 400 ll of TRL
buffer (Qiagen) and 1 ml of 100% EtOH were added before being loaded onto a
microspin column (Qiagen), washed with 500 ll of RPE buffer (Qiagen),
washed with 80% EtOH, and eluted in 20 ll of RNase-free water. Northern blot
analysis was conducted following the protocol previously described [38]. DNA
oligonucleotides (10 pmol) were radiolabeled with 2 ll 32P c-ATP (3000 Ci/
mmol; Perkin Elmer) and T4 Polynucleotide Kinase (NEB) at 378C f or 1 h.
Free nt were removed through a G-50 spin column (GE Healthcare Life
Sciences). The labeled probe was heated to 858C for 5 min and hybridized to
the membrane. Hybridization was carried out following the protocol reviewed
by the Bartel laboratory [39].
RESULTS
Small RNAs Show Sexually Dimorphic Expression During
Gonad Development
To identify small RNAs that expressed a sexually dimorphic
manner, we sequenced small RNAs extracted from XY and XX
mouse fetal gonads at 11.5, 12.5 and 13.5 dpc. From a total of
717 miRNAs annotated in miRBase 15 [32], 331 miRNAs
were expressed during gonad development. Of these, 46
miRNAs were differentially expressed more than 1.5-fold at
11.5 dpc and more than 2-fold at 12.5 and 13.5 dpc, between
testes and ovaries (Supplemental Table S2). These miRNAs
included members of the well-characterized let-7 family; let-7c
and let-7e were enriched in XY genital ridges at 11.5 dpc
(Supplemental Table S2), and let-7d was expressed at higher
levels in ovaries compared to testes at 13.5 dpc (Supplemental
Table S2). However, to eliminate the potentially confounding
effects of multimapping small RNA deep-sequencing reads, we
chose to restrict our analysis to miRNAs that could be analyzed
unambiguously, i.e., miRNA loci that were entirely unique
within the mouse genome. Twenty-three of the 46 differentially
expressed miRNAs fulfilled this requirement (Fig. 1, Table 1,
and Supplemental Fig. S1), enabling us to unequivocally
quantify their expression. Among these miRNAs (Fig. 1),
expression of 17 was testis enriched, and six ovary enriched
(Table 1), consistent with the fact that during this time period
the testis undergoes major morphological changes, whereas the
ovary remains relatively quiescent. Of the 17 testis-enriched,
expressed miRNAs, seven are encoded on the X chromosome
(Table 1). The testis-enriched miRNA miR-140-3p (formerly
miR-140*) and the ovary-enriched miRNA miR-378 showed
the highest overall expression levels. Interestingly, miR-485
and miR-878-5p expression switched from being ovary
enriched at 11.5 dpc and 12.5 dpc, respectively, to testis-
enriched expression at 13.5 dpc, thereby representing the first
examples of genetic elements whose expression switches
between these two organs.
miR-140-3p Is Expressed in the Developing Testis
We chose the candidate with the highest overall expression
level, miR-140-3p, for detailed analysis. To confirm the
dynamics and sex-specific up-regulation of this miRNA, we
performed qRT-PCR of embryonic gonads from 11.5 dpc to
13.5 dpc (Fig. 2A, right panel) and compared the results with
those obtained from high-throughput sequencing (Fig. 2A, left
panel). Both approaches showed that miR-140-3p was
expressed at low levels at 11.5 dpc in XX and XY genital
ridges, but that by 12.5 dpc there was a significant increase in
miR-140-3p expression in the developing testis, but not the
ovary, and that this expression was maintained until at least
13.5 dpc.
To identify the spatial and cellular expression patterns of
miR-140-3p, we performed LNA-ISH on mouse embryo
sections from 11.5 dpc (data not shown) to 13.5 dpc (Fig.
2B). miR-140-3p was not detectable in the developing ovary at
any stage investigated (Fig. 2B, top panel) or at 11.5 dpc in the
XY genital ridge (data not shown). At 12.5 dpc, miR-140-3p
was detected at very low levels in the developing testis, which
increased to robust levels at 13.5 dpc (Fig. 2B, bottom panel).
The expression of this miRNA was clearly restricted to testis
TABLE 1. Uniquely mapping, sexually dimorphic, expressed miRNAs.
miRNA Stages Chromosome
Testis-enriched
miR-130a 11.5 dpc 2
miR-434-5p 11.5 dpc 12
miR-872 11.5 dpc 4
miR-202-3p 12.5 and 13.5 dpc 7
miR-202-5p 12.5 and 13.5 dpc 7
miR-140-5p 13.5 dpc 8
miR-140-3p 13.5 dpc 8
miR-470 13.5 dpc X
miR-871 13.5 dpc X
miR-743a 13.5 dpc X
miR-540-3p 13.5 dpc 12
miR-465a-5p 13.5 dpc X
miR-184 13.5 dpc 9
miR-741 13.5 dpc X
miR-743b-3p 13.5 dpc X
miR-878-5p 13.5 dpc X
miR-485 13.5 dpc 12
Ovary-enriched
miR-485 11.5 dpc 12
miR-423-5p 11.5 dpc 11
miR-878-5p 12.5 dpc X
miR-28 12.5 dpc 16
miR-378 12.5 dpc 18
miR-206 13.5 dpc 1
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cords (Fig. 2B, arrowheads), which comprise germ cells
surrounded by supporting Sertoli cells.
To further validate the testis-enriched expression, we also
performed Northern blot hybridization of small RNAs isolated
from 13.5 dpc testes and ovaries using radiolabeled DNA
oligonucleotides antisense to the corresponding miRNA. These
experiments not only confirmed that miR-140-3p is more
highly expressed in testes compared to ovaries, but also
FIG. 1. Differentially expressed miRNAs during mouse gonad development. Normalized abundance (cpm) of miRNAs that are sexually dimorphic
expressed between testes (blue bars) and ovaries (pink bars) at 11.5 dpc (A), 12.5 dpc (B), and 13.5 dpc (C). with more than 1.5-fold expression difference
(A) and 2-fold difference (B, C), respectively. Fold difference is shown above each pair of bars; negative numbers indicate higher expression in testes, while
a positive number indicates higher expression in ovaries.
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FIG. 2. Testis-specific expression of miR-140-3p. A) High-throughput sequencing (left panel) and qRT-PCR (right panel) of mouse embryonic testes (XY)
and ovaries (XX) at 11.5, 12.5, and 13.5 dpc demonstrate testis-enriched expression of miR-140-3p. High-throughput sequencing expression is shown in
cpm. At least three independent experiments were performed for qRT-PCR analysis (mean6 SEM; *P  0.5, **P  0.01, ***P  0.001; ns, not statistically
significant), with individual experiments performed in triplicate on RNA obtained from pooled gonads from three to four littermates and expression levels
shown relative to sno202 RNA. B) LNA-ISH on sagittal sections of mouse embryos at 12.5 and 13.5 dpc for miR-140-3p detected expression in testis cords
(arrowheads) at 13.5 dpc. O, ovary; T, testis. Bar¼ 100 lm. C) Northern blot hybridization for miR-140-3p (top panel) in 13.5 dpc mouse testes (XY) and
ovaries (XX) demonstrated testis-enriched expression as well as the presence of at least two isomiRs (arrowheads). Lysine-tRNA served as loading control
(bottom panel).
TABLE 2. Sequences and expression levels (cpm) of highly expressed miR-140-3p isomiRs detected by high-throughput sequencing.
RNA sequencea
Counts per million (CPM)
T11.5 O11.5 T12.5 O12.5 T13.5 O13.5
miR-140-3p UACCACAGGGUAGAACCACGG 83.3 70.8 414.3 206.7 605.7 218
ACCACAGGGUAGAACCACGGA 288.9 242.5 1244.7 651.9 1936.3 569.7
ACCACAGGGUAGAACCACGGAC 810 576.9 3044.7 1825 3011.3 1459.2
UACCACAGGGUAGAACCACGGA 440.7 358.5 2150.6 1022.4 3003.6 832.8
UACCACAGGGUAGAACCACGGAC 348.7 281.7 1343.6 742.9 1349 501.1
a Bolded text indicates the seed sequence of the micoRNAs.
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detected at least two variants, or isomiRs, of slightly different
lengths (Fig. 2C). The presence of these isomiRs was
confirmed in the high-throughput sequencing data, which
identified a total of four miR-140-3p isomiRs (Table 2). When
compared to the ‘‘canonical’’ miR-140-3p sequence annotated
in miRBase, we found that the most abundant miR-140-3p
isomiR was one nt shorter at its 50 end and two nt longer at its
30 end (Table 2). This and a second miR-140-3p isomiR varied
in their 50 end from the annotated sequence, resulting in a
different ‘‘seed’’ sequence, i.e., the region spanning nt 2 to 8
that is essential for target recognition [40]. It is likely that each
miR-140-3p isomiR targets different gene subsets [41], which
could further fine-tune the testis-specific developmental
program.
miR-140-5p Is Expressed in the Developing Testis
Until recently, miR-140-3p was the annotated passenger
strand, or star strand, of the mir-140 duplex. We therefore also
analyzed the expression of the opposing strand, miR-140-5p,
during gonad development. High-throughput sequencing
analysis showed that miR-140-5p was expressed at low levels
in ovaries and testes at 11.5 dpc, before its expression increased
in gonads of both sexes by 12.5 dpc (Fig. 3A). At 13.5 dpc,
miR-140-5p expression further increased in the developing
testes but not ovaries (Fig. 3A). We validated the testis-
enriched expression of miR-140-5p by qRT-PCR, which
showed statistically significant higher expression in testes
compared to ovaries at all three stages (Fig. 3B). Finally, we
performed LNA-ISH of mouse embryonic gonads from 11.5
dpc (data not shown) to 13.5 dpc (Fig. 3C). We detected clear
expression of miR-140-5p in testis cords at 13.5 dpc (Fig. 3C,
bottom right panel).
The Predicted Passenger Strand, miR-140-3p, Is the
Predominant Strand in Testes and Chondrocytes
Interestingly, the presumed guide strand, miR-140-5p, has
been previously reported as the dominant miR-140 strand in
mouse and zebrafish cartilage [42, 43], and has been reported
to have a role in cartilage development and homeostasis in
mouse [30] and palate development in fish [44]. Section LNA-
ISH of whole mouse embryos at 13.5 dpc showed that,
however, similar to the embryonic testis, both miR-140-5p
(Fig. 4A, left panel) and miR-140-3p (Fig. 4A, right panel)
were expressed at sites of cartilage formation, such as the ribs
(Fig. 4A, arrowheads).
To independently confirm that miR-140-3p is the strand
predominantly expressed in the testis and to determine which
of the two miRNA strands, miR-140-5p or miR-140-3p, is
predominantly expressed in cartilage, we performed high-
throughput sequencing of 13.5 dpc mouse testes and limb buds
using the Illumina MiSeq platform. Surprisingly, we found that
miR-140-3p is expressed at higher levels than miR-140-5p in
both tissues (Fig. 4B), contradicting previous studies reporting
miR-140-5p as the prevalent strand expressed at sites of
chondrogenesis and further strengthening our results that show
FIG. 3. Testis-specific expression of miR-140-5p. High-throughput sequencing (A) and qRT-PCR (B) of mouse embryonic testes (XY) and ovaries (XX) at
11.5, 12.5. and 13.5 dpc demonstrate testis-enriched expression of miR-140-5p. High-throughput sequencing expression is shown in cpm. At least three
independent experiments were performed for qRT-PCR analysis (mean 6 SEM; *P  0.5, **P  0.01, ***P  0.001; ns, not statistically significant) with
individual experiments performed in triplicate on RNA obtained from pooled gonads from three to four littermates and expression levels shown relative to
sno202 RNA. (C) LNA-ISH on sagittal section of mouse embryos at 12.5 and 13.5 dpc for miR-140-5p detected expression in testis cords (arrowheads) at
13.5 dpc. O, ovary; T, testis. Bar ¼ 100 lm.
RAKOCZY ET AL.
6 Article 143
D
ow
nloaded from
 w
w
w
.biolreprod.org. 
miR-140-3p is the most prevalent strand in the developing
testes (Fig. 1).
miR-140-5p/miR-140-3p Modulate Leydig Cell Numbers
Having detected expression of predominantly miR-140-3p,
but also lower levels of miR-140-5p, in the developing testis,
we next examined the role of these miRNAs in gonad
differentiation by analyzing a mouse line with targeted deletion
of pre-mir-140, i.e., a deletion of the hairpin that encodes both
miR-140-5p and miR-140-3p [30]. We confirmed that miR-140-
3p and miR-140-5p are absent in the developing gonads using
qRT-PCR on 13.5 dpc testes from heterozygous and knockout
embryos (Supplemental Fig. S2). Using analysis of marker
gene expression, we found that XX fetuses developed ovaries
that appeared normal at 13.5 dpc (data not shown). Similarly,
XY fetuses developed testes, as shown by the formation of
testis cords, expression of the Sertoli cell marker SOX9 (Fig.
5A, upper panel) and the Leydig cell marker SCC (Fig. 5A,
middle panel), and absence of the ovary-specific protein
FOXL2 (data not shown). Also, PGCs appeared to differentiate
normally, with the continued expression of the pluripotency
marker OCT4 and absence of the meiosis-associated marker
SCP3 (Fig. 5A, bottom panel). While initial analysis suggested
an increase in Sertoli cell number as observed by the
expression of SOX9 (Fig. 5A, upper panel), this was not
confirmed using additional samples. However, a detailed
examination of SCC expression revealed a reproducible
increase in Leydig cell numbers in the mir-140-null compared
to wild-type testes (Fig. 5B). Quantification of this phenotype
using SCC whole mount immunofluorescence confirmed a
significant 2.6- and 1.6-fold increase in Leydig cell numbers at
13.5 and 15.5 dpc, respectively (Fig. 5C).
miR-140 Targets
The testicular phenotype observed in the mir-140-null
embryos closely resembles the phenotype observed in
disrupted Notch signaling [12]. To investigate this further,
we queried for targets of miR-140 using miRWalk [33] and
identified nine genes associated with Notch signaling that were
predicted to be targeted by canonical miR-140-5p or miR-140-
3p (Supplemental Table 3). Here we have shown, however, that
the most highly expressed miR-140-3p species in the testis is
not the annotated ‘‘mature’’ miRNA, but is in fact two isomiRs
with different seed sequences (Table 2). To assess the target
genes of these species, we queried for potential miR-140-3p
isomiR targets using miRWalk, TargetScan, and RNA22 (see
Materials and Methods). Intriguingly, even if using the
stringent criteria that a gene must be identified as a potential
target by at least two algorithms, this analysis resulted in the
identification of a total of 26 putative genes targeted by either
or both of the two most abundant miR-140-3p isomiR, and the
annotated mature miRNA sequence (Table 3). Intriguingly, this
set of putative targets includes the X-linked MECP2, a methyl-
CpG binding protein that functions as both an activator and
repressor of transcription [45]. Recent work has shown that
duplication of MECP2 is associated with undescended testes
and micropenis [46].
DISCUSSION
MicroRNAs have been shown to play a role in almost all
developmental processes (for review see [47, 48]). However,
their function during mouse sex determination and early gonad
differentiation has not been studied in detail. Here, we
identified miRNAs that were differentially expressed in
developing mouse gonads at 11.5 dpc, the time when sex is
determined, to 13.5 dpc, when testes and ovaries begin to
differentiate. We focused our analysis on mir-140 and have
shown that, in contrast to the published literature, the assumed
passenger strand, miR-140* or miR-140-3p, is the predomi-
nantly expressed strand not only in the developing testis but
also at sites of chondrogenesis. In addition, we demonstrated
that miR-140-5p/miR-140-3p play a role during testis differen-
tiation by regulating the Leydig cell number.
Sexually Dimorphic miRNAs
Using Illumina high-throughput sequencing, we identified
23 miRNAs that were differentially expressed between XX and
XY embryonic gonads. Of these, 17 were testis enriched and
six were ovary enriched. Comparison with other miRNA
expression studies of testes and ovaries from various stages of
development and species revealed that approximately half of
the identified miRNAs were also detected to be sexually
dimorphic in other systems, corroborating our results. For
example, seven of the testis-enriched miRNAs, miR-130a, miR-
434, miR-202, miR-140-5p, miR-470, miR-743a, and miR-741
FIG. 4. miR-140-3p is the predominantly expressed strand in embryonic
testes and limb buds. A) LNA-ISH on sagittal sections of 13.5 dpc XX
mouse embryos for miR-140-5p (left panel) and miR-140-3p (right panel)
showed that both miRNA strands are expressed at sites of chondrogenesis,
such as the developing ribs (arrowheads). Bar¼1 mm. B) High-throughput
sequencing of mouse embryonic limb buds (LB) and testes (XY) at 13.5
dpc demonstrate higher accumulation of miR-140-3p over miR-140-5p in
both tissues. High-throughput sequencing expression is shown in cpm.
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were cloned from postnatal testes at Day 8 and/or Day 15 [49],
miR-872 was shown to be expressed by Sertoli cells [29], and
for miR-184, a functional role through the regulation of Ncor2
in spermatogenesis has been demonstrated [50]. Similarly,
miR-202 and miR-140-5p are also testis enriched, and miR-423,
miR-28, miR-378, and miR-206 are ovary enriched, in cattle
and/or sheep [51, 52]. In addition, prior work investigating
embryonic mouse gonads confirmed the transient expression of
miR-378 at 12.5 dpc in the developing ovary [22], but this
work failed to directly compare miRNA expression levels
between ovaries and testes, making it difficult to assess
sexually dimorphic expression [22]. Since all of these studies
used different techniques (e.g., cloning, microarray, qRT-
PCR), different stages (ranging from embryonic to adult
gonads), and different species (e.g., mouse, cattle, sheep), any
miRNA that has been identified by two or more of these studies
is a good candidate for having a role in gonad biology.
Almost half of the testis-enriched miRNAs are located on
the X chromosome. This phenomenon mirrors a previous study
showing that genes expressed in testes before spermatogenesis
occurs are enriched on the X chromosome [53]. It supports the
hypothesis in Rice [54] that any recessive allele, which arises
on the X chromosome and gives males an advantage, is
immediately open to positive selection because there is only
one X. Interestingly, many miRNAs encoded on the X
chromosome escape meiotic sex-chromosome inactivation
(MSCI) [55], which occurs only in male meiotic germ cells
during spermatogenesis and is characterized by transcriptional
silencing of genes on both the X and Y chromosome [56]. The
seven X-chromosomal miRNAs, miR-470, miR-871, miR-741,
miR-743a, miR-465a-5p, miR-743b, and miR-878-5p, identi-
fied to have testis-enriched expression during embryonic gonad
development in this study, all escape MSCI [55], suggesting
that they play a role during gonad differentiation as well as
spermatogenesis.
Regulation of miR-140-5p/miR-140-3p Expression
The miRNA that showed the highest expression in testes in
the work presented here was miR-140-3p. We also found that
its opposing strand, miR-140-5p, was testis enriched, albeit at a
much lower level of expression. Intriguingly, miR-140-5p was
previously identified as highly expressed in chondrocytes [42],
which suggests that a transcription factor common to both
FIG. 5. mir-140-null mouse embryos at 13.5 dpc have an increased number of Leydig cells in the developing testis. A) Double immunofluorescence for
SOX9 (green; Sertoli cells) and E-cadherin (ECAD; red; germ cells, mesonephric tubules, top panel); SCC (green; Leydig cells) and WT1 (red; Sertoli cells;
middle panel); and OCT4 (red, pluripotency marker of germ cells) and SCP3 (green; meiotic germ cells; bottom panel) on sagittal sections of gonads from
wild-type and mir-140-null fetuses at 13.5 dpc. Wild-type and mir-140-null testes showed conspicuous testis cords with strong expression of SOX9
protein, no meiotic germ cells (demonstrated by the lack of SCP3 expression) and Leydig cells in the interstitium marked by SCC expression. B) Closer
examination of at least eight different wild-type and mir-140-null testes at 13.5 dpc using SCC immunofluorescence revealed a consistent increase in
Leydig cell numbers in testes lacking pre-mir-140. Bars¼ 100 lm (A) and 50 lm (B). C) Quantification of SCC-positive cells by whole-mount anti-SCC
immunofluorescence of three wild-type and three knockout samples at 13.5 dpc and four wild-type and four knockout samples at 15.5 dpc. Data are
represented as an average of all samples within a genotype and age, and error bars represent the SEM. Significance was tested using Student t-test for
samples of unequal variance (*P  0.5, **P  0.01).
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tissues might transcriptionally regulate the expression of the
primary mir-140 transcript. For sites of cartilage formation, one
regulator, SOX9, has been shown in zebrafish and mouse to
directly regulate pri-mir-140 expression [57, 58]. SOX9 is not
only a master regulator of chondrogenesis but is also necessary
and sufficient for testis differentiation [59–62]. Sox9 is
expressed in Sertoli cells [5, 6], the supporting cell lineage in
the testis. We detected miR-140-5p/miR-140-3p expression in
testis cords, which are comprised of a cluster of germ cells
surrounded by Sertoli cells, suggesting that in the XY gonad
SOX9 also regulates the expression of these miRNAs in Sertoli
cells.
Target Genes of miR-140-3p and miR-140-5p in
Chondrocytes and Testis
A number of publications have presented evidence of high
expression of miR-140-5p in chondrocytes in human, mouse,
and zebrafish and have characterized the role of this miRNA in
chondrocyte development and function [30, 42, 57, 58, 63, 64].
Only one of these studies also reported the expression of miR-
140-3p, the opposing and presumed passenger strand [65].
Surprisingly, we found miR-140-3p to be the strand that is
predominantly expressed not only in the developing testis but
also in chondrocytes. It appears that most, if not all, of the
studies characterizing miR-140-5p in cartilage development
failed to investigate miR-140-3p [30, 42, 57, 58, 63, 64] and,
therefore, did not compare levels between the two strands in
these cells.
The two opposing strands of an miRNA have different seed
sequences and are, therefore, predicted to regulate a different
set of target genes. Several target genes for miR-140-5p in
chondrocytes have been identified, such as Hdac4 [42], Pdgfra
[63], Igfbp5 [66], Adamts5 [30], Smad3 [67], and Cxcl12 [68].
The fact that miR-140-5p is expressed in these cells means that
such regulation may indeed take place. However, miR-140-3p
is also expressed, and at higher levels than the miR-140-5p
strand. Therefore, it is feasible that a number of target genes
that play important roles during chondrogenesis are yet to be
discovered and may in fact be revealed by further investigation
of miR-140-3p behavior and function.
The genes identified and validated to be targeted by miR-
140-5p include genes that are known to play a role in gonad
development and disease, such as Bmp2, a gene that is
expressed in the ovary during gonad development [69]; Pdgfra,
which has been implicated in the formation of testis-specific
vasculature [70]; and Smad3, which plays a role in testicular
and ovarian cancer [71]. It is possible that regulation of these
genes by miR-140-5p also plays a role during sex differenti-
ation. However, miR-140-5p is weakly expressed in the
developing testes, suggesting that miR-140-3p may be equally,
if not more, important in gonad development. Using a
combination of three different algorithms, we have predicted
26 genes that are likely to be regulated by miR-140-3p. These
include the genes encoding MECP2 (as discussed above), LIM-
kinase 2, the nuclear receptor NR2F2, betaglycan (TGFBR3),
and germ cell nuclear factor (GCNF or NR6A1), all of which
have been shown to play a role in testis development, Leydig
cell differentiation, and function and spermatogenesis [72–75].
However, adult miR-140-5p/miR140-3p-null mice are fertile
[30], suggesting that miR-140 must only weakly target these
transcripts or that other regulatory RNA species compensate for
its loss—the latter of which is likely, given that any given
transcript is generally targeted by a suite of miRNAs. This
would also be consistent with the fact that very mild effects
been observed for a number of miRNA knockouts [76].
Role of miR-140-5p/miR-140-3p During Testis
Development
The deletion of miR-140-5p/miR-140-3p resulted in an
increase in Leydig cell numbers at 13.5 dpc. Two pathways are
involved in the differentiation of Leydig cells, the hedgehog
[11] and the Notch signaling pathway [12]. While hedgehog
signaling is important for the initial specification of Leydig
cells, Notch signaling restricts further differentiation of Leydig
progenitor cells. The observed phenotype of the miR-140-5p/
miR-140-3p knockout mouse is very similar to that from
blocking Notch signaling, and we have identified a number of
putative target genes that are associated with this signaling
pathway that are predicted to be targeted by either miR-140-5p
or miR-140-3p. Expression analysis of these genes in the mir-
140-null mice could provide evidence to support the hypothesis
that they are indeed target genes. Certainly, the fact that miR-
140-3p and miR-140-5p are expressed in Sertoli cells, while a
phenotype is observed in Leydig cell differentiation, indicates
the involvement of a signaling pathway, i.e., these miRNAs are
likely to regulate the expression of factors produced by Sertoli
cells that influence the Leydig cells differentiation.
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Abstract 
In mammals, biological differences between males and females, which influence 
many aspects of their physical, social, and psychological environments, are 
solely determined genetically. In the presence of a Y chromosome, the gonadal 
primordium will differentiate into a testis, whereas in the absence of the Y 
chromosome an ovary will develop. Testis and ovary subsequently direct the 
differentiation of all secondary sex characteristics down the male and female 
pathway, respectively. The male-determining factor on the Y chromosome, SRY, 
was identified some 20 years ago. Since then, significant progress has been made 
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toward understanding the molecular and cellular pathways that result in the 
formation of a testis. Here, we review what is known about testis differentiation 
in mice and humans, with reference to other species where appropriate. 
1. Introduction 
Sexual reproduction is arguably the most significant of biological 
events in that it is essential for life itself. Sexual reproduction involves the 
fusion of two separate parental nuclei, so the offspring inherit endlessly 
varied combinations of characteristics that ultimately provide a vast testing 
ground for new variations that may not only improve the species but also 
ensure its survival. Therefore, the bifurcation of the developmental pathway 
into males and females, which is the prerequisite for the union of gametes 
from the two sexes, is vital to sexual reproduction itself. 
In mammals, the first sign of sexual differentiation is when the bipoten-
tial gonad starts to develop into either a testis or an ovary in XY and XX 
individuals, respectively. This decision is made around 11.5 days post coitum 
(dpc) in mice and 6 weeks of gestation in humans, when Sry (SRY in 
humans), the male-determining gene on the Y chromosome, is expressed in 
the supporting cell lineage of the genital ridge (Bullejos and Koopman, 
2001; Wilhelm et al., 2005). SRY sets off a chain reaction of gene expres-
sion and regulation that controls the differentiation of testis-specific cell 
types and their migration, association, and organization to form testicular 
structures. In turn, the testis produces hormones that direct the differentia-
tion of all secondary sexual characteristics such as the regression of the 
“female” Müllerian duct, development of the “male” Wolffian duct into 
epididymis, seminal vesicle, and vas deferens, development of the prostate, 
external genitalia, and sexual dimorphisms of the brain (for review, see 
Wilhelm and Koopman, 2006). In the absence of correct spatiotemporal 
SRY function, female-determining genes are expressed and an ovary will 
develop (see chapter 7). 
Sexual differentiation is often described as a black or white decision, 
resulting in either a boy or a girl. Although this is essentially correct, it fails 
to recognize the intricacies of the regulatory networks governing these 
developmental processes and the frailties of many regulatory pathways that 
may easily get disturbed, potentially leading to disorders of sex development 
(DSD). Therefore, sexual differentiation is perhaps more correctly viewed as 
a continuum between the male and the female phenotypes, encompassing a 
range of intermediate phenotypes with variable severity with regard to 
reproductive and sexual health. 
Sexual differentiation is a multi-tiered process that occurs at many levels, 
starting at the cellular level and then progressing to tissue, organ, and finally 
Author's personal copy
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the whole organism. Interestingly, the dichotomy of “boy or girl” is true at 
the cellular level but is becoming more and more difficult to determine with 
each higher level: cell, tissue, and organism. Recent studies have shown that, 
specifically for the supporting cells, each single cell either differentiates into a 
“male” Sertoli cell, marked by the expression of the transcription factor 
SOX9, or a “female” granulosa cell, expressing the ovarian marker FOXL2 
(Hersmus et al., 2008; Wilhelm et al., 2005). Not yet fully understood 
inhibitory pathways prevent the expression of ovary- and testis-determining 
genes, respectively (Kim et al., 2006), so that every cell is committed to 
either the male or female pathway. At the organ level, testicular and ovarian 
tissue can exist within the same gonad, so-called ovotestes. Here, testicular 
tissue generally is found in the center of the gonads and ovarian tissue at the 
poles (Eicher et al., 1982), although single ovarian cells can be found within 
the testicular regions (Wilhelm et al., 2009). In most cases where these 
ovotestes exist during embryonic development, they resolve into either 
testes or ovaries at later stages. By contrast, the differentiation of secondary 
sexual characteristics really cannot be described as a dichotomy but rather a 
continuum, blurring the distinction of what is boy and what is girl. In this 
chapter we will review the pathways that are important for the formation of 
a testis, the basis of all other sexual differentiation of the male. 
2. Introducing the Players: Cell Biology and 
Morphology of the Gonads 
The development of the gonads is unique in that the same primordium 
possesses the potential to differentiate into two morphological and functional 
distinct organs, testis and ovary. These primordia, the bipotential or indif-
ferent genital ridges, are paired structures that develop at the ventro-medial 
surface of the mesonephros as part of the urogenital system. In mouse, the 
genital ridges are first visible at around 10 dpc and increase in size due to 
proliferation of coelomic epithelial cells. The genital ridges consist of several 
precursor cell lineages including supporting, steroidogenic, and interstitial 
cell precursors (for review, see Wilhelm et al., 2007b). Primordial germ cells 
(PGCs), the precursor of sperm and egg, are specified extra-embryonically 
and then migrate along the hindgut to the developing genital ridges and 
coalesce with the gonadal somatic cells by 11.5 dpc (for review, see Ewen 
and Koopman, 2010). 
From 10.5 to 12.5 dpc Sry is expressed in the supporting precursor cells 
inducing their differentiation into Sertoli cells (Fig. 6.1A; Bullejos and 
Koopman, 2001; Wilhelm et al., 2005) as well as proliferation within the 
coelomic epithelium to generate additional Sertoli cell precursors (Schmahl 
et al., 2000). The differentiation process is marked by the polarization of 
Author's personal copy
234 Elanor N. Wainwright and Dagmar Wilhelm 
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Figure 6.1 Schematic representation of testis development in mouse. (A) At 11.5 dpc 
SRY is expressed in pre-Sertoli cells (green) that are distributed evenly in between 
primordial germ cells (red) throughout the genital ridge. A vasculature network within 
the mesonephros disintegrates and endothelial cells (pink) start to migrate into the 
gonad. (B) By 12.0 dpc Sertoli cells become polarized and form epithelial aggregates 
around clusters of germ cells. Endothelial cells partition these clusters into the future 
testis cords. (C) At 13.5 dpc testis cords are defined with clusters of germ cells 
surrounded by one layer of Sertoli cells and one layer of peritubular myoid cells 
(yellow). In the interstitium, Leydig cells (blue) have differentiated to produce 
testosterone. T, testis; M, mesonephros, CV, coelomic vessel. (See Color Insert.) 
Sertoli cells and their assembly around clusters of germ cells. Subsequently, 
migrating endothelial cells from the mesonephros partition these accumula-
tions of germ and Sertoli cells into testis cords (Fig. 6.1B; Combes et al., 
2009b; Coveney et al., 2008). In addition to inducing endothelial cell 
migration, Sertoli cells also direct the differentiation of other cell types 
within the developing testis (Fig. 6.1C). In the interstitium, steroidogenic 
precursor cells differentiate into Leydig cells, and mesenchymal cells into 
peritubular myoid (PM) cells. PM cells are believed to be the only cell type 
for which no counterpart exists in the ovary. These long, flattened cells 
surround Sertoli cells and together they secrete the basal lamina that forms a 
physical barrier around testis cords. In the following sections, we will 
describe the different cell types, their origin, the molecular mechanisms 
underlying their differentiation, and their interaction with other cells. 
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3. Origin of Sertoli Cells 
Sertoli cells are the first somatic cell type to differentiate in the testis. 
Their origin has been elucidated in a series of elegant experiments. In 
chicken/quail gonad/mesonephros grafts, ink-labeled cells at the surface 
epithelium were shown to leave the surface and participate in forming the 
internal gonadal soma during the indifferent period of gonad development 
(Rodemer-Lenz, 1989). In addition, 5-bromo-2-deoxyuridine (BrdU) label-
ing of dividing cells has shown that cells at or near the coelomic epithelium 
are proliferating and the majority of these proliferating cells are steroidogenic 
factor 1 (SF1) positive from approximately 11.3 to 11.5 dpc, thereby marking 
the Sertoli and Leydig cell precursors (Schmahl et al., 2000). To show that 
these epithelial cells contribute to Sertoli cells, the fate of these coelomic 
epithelial cells was investigated by labeling them with a fluorescent dye over 
the time period 11.2–12.5 dpc in mouse XY gonad organ culture. Coelomic 
epithelial cells that moved into the gonad from 11.2 to 11.4 dpc were found 
to contribute to Sertoli and interstitial cell populations, whereas cells that 
migrated from 11.5 to 11.7 dpc solely became interstitial cells. In support of 
this cell migration, biochemical studies have demonstrated that the subepithe-
lial basement membrane components collagen type I and type III as well as 
laminin have a discontinuous distribution at 11.5 dpc until 12.5 dpc (Karl and 
Capel, 1998; Paranko, 1987). Thus, these data suggest that the basement 
membrane underlying the coelomic epithelium is transiently labile, allowing 
surface epithelial cells to contribute to somatic cell populations in the interior 
of the XY gonad. One matter of contention is whether the movement of 
coelomic epithelial cells into the gonad is a process of active migration or a 
passive movement from the proliferation of the cells at the coelomic epithe-
lium “pushing” cells into the interior of the gonad. 
4. Kickoff in Testis Determination: SRY and 
Sertoli Cell Specification 
The male-determining gene Sry is expressed in pre-Sertoli cells in a 
wave starting at 10.5 dpc in the center of XY gonads, spreading to the poles 
and reaching a maximum at 11.5 dpc before declining in the same center-to-
pole like pattern. The last few SRY-positive cells can be detected at 12.5 dpc 
at the posterior pole (Bullejos and Koopman, 2001; Wilhelm et al., 2005).  
This dynamic expression pattern suggests a highly controlled transcriptional 
regulation, although little is known about the molecular mechanism. 
Transgenic mice using an approximately 14-kb genomic region con-
taining the Sry coding sequences and flanking regions have shown that this 
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Figure 6.2 Postulated molecular pathways underlying Sertoli cell specification and 
differentiation. The specification and differentiation of Sertoli cells can be roughly 
divided into three phases: (A) the regulation of Sry expression, (B) the induction of 
Sox9 expression, and (C) the maintenance of Sox9 expression. See text for details. This 
schematic does not take into account direct or indirect postulated relationships. 
region is sufficient to induce XX sex reversal (Koopman et al., 1991). 
However, comparative genomic approaches for evolutionary conserved 
elements have proved to be difficult due to very low conservation of the 
genomic region surrounding Sry. Mouse knockout models have implicated 
a number of factors in the regulation of Sry transcription based on the 
reduction of Sry mRNA levels. These factors include the insulin receptor 
family, comprising IGF1R, IR, and IRR (Nef et al., 2003), the transcription 
factor GATA4 and its co-factor FOG2 (Tevosian et al., 2002), and the þKTS 
splice variant of Wilms’ tumor suppressor 1 (WT1; Hammes et al., 2001; 
Fig. 6.2A). However, for most of these models, it is not clear if there is less 
Sry per cell, supporting a direct effect, or only less cells that express Sry. 
For the þKTS splice variant of WT1, Bradford et al. (2009b) used 
immunofluorescence to show that indeed gonads lacking WT1(þKTS) 
lower SRY levels per cell as well as less SRY-positive cells. This led to 
the hypothesis that WT1(þKTS) contributes cell-autonomously to Sry 
activation, but also non-cell-autonomously by increasing the number of 
pre-Sertoli cells. The role of WT1 in regulating Sry expression has been 
supported by additional in vitro and in vivo studies. In cell culture, WT1 
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cooperated with GATA4 to transcriptionally activate the mouse, pig, and 
human SRY promoter. Both WT1 isoforms, –KTS and þKTS, interacted 
with GATA4; however, the synergism on the SRY promoters was stronger 
with the þKTS form (Miyamoto et al., 2008). Similarly, WT1(–KTS) has 
been shown in cell culture to bind to and activate the human SRY promoter. 
This activation is mediated by a co-factor of WT1, CITED2 (Cbp/p300-
interacting transactivator, with Glu/Asp-rich carboxy-terminal domain, 2), 
for which genetic analysis demonstrated that it acts with WT1 and SF1 to 
increase Sry levels to a critical threshold for efficient testis differentiation 
(Buaas et al., 2009). Alternatively, or in addition, CITED2 together with 
WT1 might upregulate Sf1 expression (Val et al., 2007; Wilhelm and 
Englert, 2002), which in turn activates Sry (Fig. 6.2A). The latter is supported 
by the fact that humans with SF1 mutations exhibit a range of phenotypes 
including XY sex reversal (Achermann et al., 1999; Correa et al., 2004). 
In addition to these transcriptional regulators, a mitogen-activated protein 
kinase kinase kinase (MAP3K4) has been shown to result in greatly reduced 
Sry levels when mutated in mice (Bogani et al., 2009). MAP3K4 phosphor-
ylates and thereby activates MKK4, which in turn activates p38 MAP kinase 
through phosphorylation, both of which have been shown to be activated 
in the developing testis (Bogani et al., 2009). How p38 facilitates the 
activation of Sry transcription is not yet known, but it could be through 
phosphorylation of a transcriptional activator and/or indirectly through 
increased proliferation. Similarly, more work needs to be done to identify 
the upstream activators of MAP3K4, which could potentially identify new 
candidates for causing DSDs in humans. 
5. The Goalkeeper: Sox9 and Sertoli Cell 
Differentiation 
Shortly after Sry expression, the SRY-box containing gene 9 (Sox9) is  
expressed in the pre-Sertoli cells in the same dynamic wave that originates 
in the center of the gonad and then continues to the rostral and caudal 
poles. Unlike Sry, Sox9 expression in mouse Sertoli cells is maintained 
throughout embryogenesis and into adulthood (Kent et al., 1996; Morais 
da Silva et al., 1996). 
Sox9 is a member of the Sry-type HMG box (Sox) gene family. It 
encodes a transcription factor that interacts with DNA through an HMG 
domain (Sudbeck et al., 1996). Gain of function of Sox9 in XX transgenic 
mice induces testis development (Vidal et al., 2001), whereas loss of function 
results in full XY sex reversal (Barrionuevo et al., 2006; Chaboissier et al., 
2004). Therefore, like Sry, Sox9 is both necessary and sufficient for Sertoli 
cell differentiation and testis determination. In humans, mutations in SOX9 
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result in the disease campomelic dysplasia, which is characterized by skeletal 
malformation and, in a large proportion of XY patients, male-to-female sex 
reversal (Foster et al., 1994; Wagner et al., 1994). 
The comparable spatial and temporal expression pattern of Sry and Sox9 
in testis development has led to the hypothesis that Sox9 is a direct down-
stream target of SRY. Recently, Sekido and Lovell-Badge (2008) identified 
a 3.2-kb testis-specific enhancer in the Sox9 locus. When this enhancer was 
linked to a LacZ reporter in transgenic mice, the expression mimicked 
endogenous Sox9 expression in both XY and XX gonads. Comparative 
genome-based approaches narrowed down the enhancer region to a 1.4-kb 
sequence termed “testis-specific enhancer of Sox9 core” (TESCO), which 
had predicted SRY and SF1 binding sites. Chromatin immunoprecipitation 
(ChIP) assays and mutagenesis of TESCO reporters in vivo demonstrated 
that both SRY and SF1 bind to TESCO and activate it synergistically 
(Sekido and Lovell-Badge, 2008). Following the initial induction by SRY 
(Fig. 6.2B), SOX9 binds together with SF1 to the TESCO element to 
maintain its own transcription in an autoregulatory loop (Fig. 6.2C; Sekido 
and Lovell-Badge, 2008), providing a simplified model of the molecular 
mechanisms of sex determination. In the next two sections, we will discuss 
the initiation (Fig. 6.2B) and the maintenance (Fig. 6.2C) of Sox9 expres-
sion in more detail. 
5.1. Sox9 initiation 
In addition to SRY and SF1, the signaling molecule WNT4 (wingless-
related MMTV integration site 4), a factor important for ovarian develop-
ment (see chapter 7), has been implicated in contributing to Sox9 initiation 
(Jeays-Ward et al., 2003). In the Wnt4-null mice, Sox9 expression is reduced 
in XY genital ridges and Sertoli cell differentiation is compromised. How-
ever, Sry expression is unchanged (Jeays-Ward et al., 2003), suggesting that 
loss of Wnt4 weakens the action of SRY. Interestingly, the opposite, active 
WNT4 signaling, which results in the stabilization of β-catenin, also has 
been shown to negatively affect Sox9 expression (Chang et al., 2008). A 
possible explanation might be that loss of WNT4 signaling reduces initial 
proliferation of Sry-positive cells so that reduced Sox9 levels is a conse-
quence of a reduced number of Sertoli cells rather than Sox9 transcription 
per se. 
Similarly to Wnt4, Dax1 (dosage-sensitive sex reversal (DSS), adrenal 
hypoplasia congenital (AHC)-critical region on the X chromosome 
gene 1), another gene that had been implicated in ovary development 
(see chapter 7), was shown to be important for Sox9 expression and testis 
cord formation (Bouma et al., 2005; Meeks et al., 2003). Dax1-null mutation 
on a sensitized background, i.e., on a C57Bl/6 background, known to be 
reactive to disturbance in the early events of testicular development, or in 
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combination with a Mus domesticus poschiavinus Y chromosome (YPOS), a 
“weak” Sry allele (Eicher et al., 1982), results in a failure to upregulate Sox9 
expression even though Sry is expressed at normal levels (Bouma et al., 2005; 
Meeks et al., 2003). Interestingly, overexpression of Sry is able to rescue this 
phenotype (Bouma et al., 2005). As with WNT4 signaling, it is not known 
how DAX1 cooperates with SRY in the upregulation of Sox9 expression 
(for review, see Ludbrook and Harley, 2004). 
5.2. Sox9 maintenance 
After the initial transcriptional activation by SRY, which itself ceases to be 
expressed, the maintenance of Sox9 expression involves pathways indepen-
dent of SRY. Two positive feedback loops have been described to play a 
role in Sox9 maintenance. The first one involves fibroblast growth factor 9 
(FGF9) upregulating Sox9 expression, which in turn activates further Fgf9 
expression. Indeed, Fgf9-null mice initially upregulate, but do not maintain, 
Sox9 expression and therefore have impaired Sertoli cell differentiation and 
testis cord formation (Kim et al., 2006), clearly showing that the initiation 
and the maintenance of Sox9 expression are controlled by independent 
pathways. Also, in contrast to SRY, FGF9 is a signaling factor exerting its 
effect via cellular receptors and not by direct protein-to-DNA interactions, 
implicating as yet undefined factors in between the receptor and the Sox9 
regulatory region. The receptor responsible for the mediation of FGF9-
mediated signaling has been suggested to be FGF receptor 2 (FGFR2; 
Schmahl et al., 2004). Indeed, Fgfr2-null mice on a C57BL/6 background 
phenocopy Fgf9-null mice, with both Sox9 and Amh expression drastically 
reduced (Bagheri-Fam et al., 2008; Kim et al., 2007b). Furthermore, cross-
ing Fgfr2 and Sox9 heterozygous mutants has showed genetic interaction 
between the two pathways. Mice with either half a dose of Fgfr2 or Sox9 
display normal testis development, whereas Fgfr2/Sox9 double heterozy-
gous mutants develop ovotestes (Bagheri-Fam et al., 2008). 
What is the molecular relationship between Fgf9 and Sox9? Analysis of 
cell proliferation in Fgf9–/– XY gonads found that the number of dividing 
cells at the coelomic epithelium was reduced at 11.2 dpc and remained at a 
low level, suggesting that FGF9 regulates the male-specific proliferation that 
produces pre-Sertoli cells (Schmahl et al., 2004). These pre-Sertoli cells will 
start to express Sry and subsequently Sox9. In addition, FGF9 could upre-
gulate Sox9 expression itself, a possibility that was tested by treating XX 
gonads with exogenous FGF9. Treatment of whole gonads only resulted in 
an increased proliferation, but not the induction of Sox9 expression 
(Schmahl et al., 2004; Wilhelm et al., 2005). By contrast, using FGF9-coated 
beads implanted into the gonad proper induced the expression SOX9, albeit 
only within the local environment of the bead (Kim et al., 2006). However, 
reducing the dosage of Wnt4 by using XX Wnt4 heterozygous gonads, 
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FGF9 was able to upregulate Sox9 expression (Kim et al., 2006). Finally, 
Hiramatsu et al. showed that inhibition of FGF9 signaling blocks the pole-
ward expansion of Sox9 expression (Hiramatsu et al., 2010). Taken 
together, these data support the hypothesis that Sox9 expression is regulated 
by FGF9 via FGFR2 (Figs. 6.2B and C), with WNT4 signals functioning 
antagonistically. What remains unknown is the link between FGFR2 and 
the Sox9 regulatory region. 
The upregulation of Fgf9 by SOX9 is less clear. Early null mutation of 
Sox9 results in a reduction of Fgf9 expression (Barrionuevo et al., 2006). 
However, in two mouse knockout models, conditional deletion of Wt1 
(Gao et al., 2006) and Sox9/Sox8 double knockout (Barrionuevo et al., 
2009), in which Sox9 expression is lost, Fgf9 expression did not change. In 
both models Sox9 was lost after 13.5 dpc, suggesting that at later stages, Fgf9 
expression is independent of Sox9 (Fig. 6.2C). It still remains to be shown if 
SOX9 is a bona fide transactivator of Fgf9 during any stage of testis 
differentiation. 
The second positive feedback loop that is integral to Sertoli cell differ-
entiation is prostaglandin signaling (Figs. 6.2B and C). It has been shown 
that SOX9 activates the expression of the gene encoding prostaglandin D 
synthase (Ptgds; Wilhelm et al., 2007a), which catalyzes the final step in the 
synthesis of prostaglandin D2 (PGD2). Accordingly, Ptgds expression is 
almost completely abolished in Sox9-null gonads (Moniot et al., 2009). 
PGD2, in turn, induced the upregulation of Sox9 expression (Adams and 
McLaren, 2002; Wilhelm et al., 2005) and translocation of SOX9 protein 
from the cytoplasm to the nucleus via protein kinase A (PKA) phosphor-
ylation (Malki et al., 2005). The importance of this signaling pathway and its 
independence of the FGF9 signaling pathway has been demonstrated by the 
null mutation of Ptgds in mice, which showed reduced Sox9 expression and 
delayed testis cord formation up to 14.5 dpc; however, both recovered by 
17.5 dpc (Moniot et al., 2009). 
Another critical requirement for Sox9 maintenance and Sertoli cell 
differentiation has been shown to be high glucose conditions. Glycogen 
accumulation early in testis development begins in the pre-Sertoli cells at 
11.2 dpc and reaches a peak at 11.5 dpc (Matoba et al., 2008). The accu-
mulation of glycogen might be regulated by insulin growth factor signaling, 
which also regulates Sry expression (Nef et al., 2003). XY genital ridge 
cultures subjected to glucose starvation showed a disorganized distribution 
of presumptive Sertoli cells and no testis cord formation. While the initia-
tion of Sox9 expression was unaffected by glucose starvation, the expression 
was downregulated thereafter. Quantitative reverse transcriptase polymerase 
chain reaction (qRT-PCR) and whole mount in situ hybridization (ISH) 
demonstrated that the levels of Fgf9 and Ptgds were normal, suggesting that 
the mechanism of Sox9 dependence on glycogen levels is independent of 
these pathways (Matoba et al., 2008). 
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The importance of Sox9 is highlighted by the fact that all reported cases 
of XY sex reversal show a disturbance in the expression levels or function of 
SOX9. Therefore, it is surprising that Sox9 expression seems not to be 
important for the maintenance of the Sertoli cell fate and testis cord integrity. 
Null mutation of Sox9 after 13.5 dpc show normal embryonic testis devel-
opment and are initially fertile, becoming sterile after about 5 months 
(Barrionuevo et al., 2009), demonstrating that Sox9 is dispensable at later 
stages of testis development. This could be at least in part due to redundancy 
with the related factors SOX8 and SOX10 (see next section). By contrast, 
the conditional knockout of Wt1 after 13.5 dpc resulted in disintegration of 
testis cords and subsequent loss of Sertoli and germ cells (Gao et al., 2006). 
Sox9 expression in these mice was almost immediately lost after Wt1 
excision, demonstrating that first, Wt1 plays an important role in the 
regulation of Sox9 expression and second, Wt1 has additional roles to 
Sox9 in the maintenance of testicular architecture. Interestingly, loss of 
Wt1 resulted in the upregulation and stabilization of β-catenin, a hallmark 
of ovary differentiation (see chapter 7). Accordingly, the genetic stabiliza-
tion of β-catenin in testes mimicked the Wt1-null phenotype, suggesting 
that WT1 is a negative regulator of β-catenin signaling, which in turn 
negatively regulates Sox9 expression (Fig. 6.2C; Chang et al., 2008). 
Taken together, these data clearly demonstrate that the regulation and 
maintenance of the Sertoli cell fate are of key importance and the testis 
program has a number of additive pathways to ensure correct development. 
In Fig. 6.2 we have assembled and summarized these pathways into regulatory 
networks. 
6. Forward Players: Beyond Sox9 
The importance of the two Sox genes, Sry and Sox9, for normal testis 
development has been well established. However, these two genes belong 
to a family of 20 members (Schepers et al., 2002) that had been subdivided 
into 10 subgroups, A to J (Bowles et al., 2000). Sox9 belongs to group E 
together with Sox8 and Sox10. Both, Sox8 and Sox10 have been shown to 
be expressed specifically in the developing XY gonads together with Sox9 
(Cory et al., 2007; Polanco et al., 2010; Schepers et al., 2003). Thus, given 
the importance of Sox9 in testis differentiation and the close evolutionary 
relationship between the three SoxE members, an important question is if 
also Sox8 and Sox10 have a functional role during gonadogenesis. 
With regard to Sox8, genetic studies have shown that null mutation 
results in only idiopathic weight loss, reduced bone density, and a late 
spermatogenic defect (O’Bryan et al., 2008; Sock et al., 2001), whereas no 
testis phenotype for Sox10-null mutation has been described as yet. 
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However, in vitro and double-knockout analyses of Sox8 and Sox9 showed 
that Sox8 reinforces Sox9 function in testis differentiation of mice, i.e., Sox8 
does play a role in testis differentiation, but it is a minor role as compared to 
Sox9 (Barrionuevo et al., 2006; Chaboissier et al., 2004). Furthermore, 
ectopic expression of Sox10 in XX gonads is sufficient to induce testis 
differentiation (Polanco et al., 2010), suggesting that, although it might 
not be necessary for testis formation, Sox10 still can function as a testis-
determining gene. Indeed, masculinized or incompletely feminized XX 
patients have been described that have a duplication of the region encom-
passing SOX10 amongst a number of other genes (Aleck et al., 1999; Cantu 
et al., 1981; Nicholl et al., 1994; Seeherunvong et al., 2004). There is still the 
possibility that another gene alone or in combination with SOX10 is 
responsible for these human DSD phenotypes, but SOX10 is certainly a 
good candidate. Of note is that Sox9 itself is upregulated in the Sox10-
transgenic XX gonads. It would be interesting to test if overexpression of 
Sox10 and/or Sox8 would be sufficient to rescue the Sox9 knockout 
phenotype. 
A number of targets of SOX9 have been identified, including the gene 
encoding anti-Müllerian hormone (Amh; Arango et al., 1999), Vanin-1 
(Vnn1; Wilson et al., 2005), Ptgds (Wilhelm et al., 2007a), and cerebellin 4 
precursor (Cbln4; Bradford et al., 2009a) (Fig. 6.2C). For some of them, 
such as Vnn1 and Cbln4, we do not know their role in testis development as 
yet. The function of others, especially Amh, has been described in great 
detail. SOX9 is essential for Amh expression in early Sertoli cells (Arango 
et al., 1999). SF1 (Arango et al., 1999; Shen and Ingraham, 2002), GATA4 
(Tremblay and Viger, 1999), and WT1 (Nachtigal et al., 1998) enhance, 
whereas DAX1 (Nachtigal et al., 1998) impairs its transcription. AMH is a 
member of the transforming growth factor-β (TGFβ) superfamily and is 
responsible for the regression of the Müllerian duct, which in XX animals 
gives rise to the fallopian tubes, uterus, and upper third of the vagina. It acts 
through its specific type II receptor together with a nonspecific type I 
receptor expressed in the mesenchyme of the Müllerian duct. Through 
yet unknown paracrine signaling pathways, it induces apoptosis in the 
Müllerian duct epithelial cells (Allard et al., 2000; Baarends et al., 1994; di 
Clemente et al., 1994; Roberts et al., 1999). Defective AMH action, for 
example through mutation of the genes encoding AMH and its receptor, 
results in a condition known as persistent Müllerian duct syndrome, which 
is often associated with cryptorchidism (undescended testes) and infertility. 
Another gene expressed by Sertoli cells that has been shown to play a 
Sertoli cell-specific role is Dmrt1 (doublesex and mab-3 related transcription 
factor 1). Interestingly, Dmrt1 is one of the few molecular similarities in sex 
determination found among phyla thus far. Dmrt1, the sexual regulators 
mab-3 in Caenorhabditis elegans, doublesex in Drosophila, and Dmy in medaka 
all encode proteins containing a DM domain as DNA-binding motif 
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(Raymond et al., 1998). In two cases, Dmrt1 in chicken (Smith et al., 2009) 
and Dmy in medaka (Matsuda et al., 2002; Nanda et al., 2002), these genes 
are believed to be the sex-determining switch. By contrast, in humans and 
mice, Dmrt1 is required for the postnatal differentiation of Sertoli and germ 
cells. Dmrt1-null mice have severely impaired testis development from 
postnatal day 2 resulting in dysgenic testes (Kim et al., 2007a; Raymond 
et al., 2000). Similarly, human DMRT1 hemizygosity is associated with 
defective testicular development comparable to those of the knockout mouse 
and consequently 46,XY feminization (Crocker et al., 1988; Raymond 
et al., 1998; Veitia et al., 1998). 
In summary, many genes have been identified to be expressed by Sertoli 
cells. For some we still need to discover the roles they play and how 
important they are for Sertoli cell differentiation and testis development. 
For others, a clear role has been defined. In addition, to the above-
mentioned genes, which function mainly cell-autonomously in Sertoli 
cells, several genes have been identified that mediate the function of Sertoli 
cells as organizing centers of the testis. These genes will be discussed below 
in the context of the cell types in which they play a role. 
7. The Sweepers: Peritubular Myoid Cells 
PM cells are long, flattened cells that surround Sertoli cells within the 
testis cords (Fig. 6.2C). Postnatally, PM cells have a smooth muscle cell 
phenotype and are responsible for the contraction of the seminiferous tubules 
for transportation of spermatozoa (Tripiciano et al., 1998). The signaling 
agonists prostaglandin F2α, vasopressin, and endothelin are produced locally 
within the seminiferous tubule and interstitial gonad compartments. These 
paracrine signals act on PM cells to stimulate actin cytoskeleton rearrange-
ments and subsequently result in contraction of the tubules (Howl et al., 
1995; Tripiciano et al., 1996, 1998). In fetal development, PM cells con-
tribute to the formation and architecture of the testis cords. While it is now 
evident that PM cells are not involved in the initial partitioning of the XY 
gonad into cord regions of clusters of Sertoli and germ cells (Combes et al., 
2009b), PM cells establish cord architecture by interacting with Sertoli cells 
for the correct formation and organization of the basement membrane 
(Fig. 6.3; Skinner et al., 1985). Each cell type contributes distinct compo-
nents to the extracellular matrix with PM cells producing fibronectin, type 
I and IV collagens, and proteoglycans. The resulting membrane then serves 
to physically partition the XY gonad into cord and interstitial domains 
(Skinner et al., 1985; Tung et al., 1984). 
The first developmental stage when PM cells can be identified as a single 
layer of cells localized around the periphery of the testis cords with a 
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Figure 6.3 Interactions between peritubular myoid (PM) cells and Sertoli cells. The 
differentiation of PM cells is regulated by desert hedgehog (DHH) signaling from 
Sertoli cells to the receptor Patched 1 (PTCH1) on PM cells. In addition, Dax1 
expression in Sertoli cells is required for PM cell differentiation; however, 
downstream signals from Dax1 are unknown. Interactions between Sertoli cells and 
differentiating PM cells result in the secretion of extracellular matrix (ECM) molecules 
by both Sertoli and PM cells for the formation of the basement membrane (BM). Each 
cell type contributes distinct components to the ECM, with PM cell secreting 
fibronectin, collagens, and proteoglycans. 
characteristic flattened morphology is at around 13.5 dpc. The develop-
mental origin of the PM precursor cells in the XY gonad is still elusive. The 
lack of a sufficient marker for the PM cell lineage (Jeanes et al., 2005) at early 
stages of fetal testis development has made cell lineage tracing difficult. 
For many years, it was suggested that PM cells were derived from a 
heterogeneous population of cells that migrated into the testis from 
the mesonephros at 11.5 dpc (Buehr et al., 1993; Martineau et al., 1997; 
Merchant-Larios et al., 1993). In 2009, two studies addressed the 
question of whether PM cells were derived from the mesonephros. 
The first one made use of a transgenic mouse model that expressed 
enhanced yellow fluorescent protein (EYFP) under the control of the 
α-smooth muscle actin (αSma) promoter.  αSma-EYFP was expressed in 
the mesonephros and in the interstitium including PM cells but not in 
endothelial cells. Recombination of the αSma-EYFP mesonephros with 
a wild-type gonad demonstrated that none of the αSma-EYFP-positive 
cells migrated from the mesonephros into the gonad, indicating that 
the migratory  population  does  not give rise to PM cells  (Cool et al., 
2008). This study was supported by work from Combes et al., in 
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which green fluorescent protein (GFP)-expressing mesonephroi were 
recombined with wild-type XY gonads in organ culture. Immunofluor-
escence for a specific endothelial cell marker, VE-cadherin, a marker of 
interstitial cells, p75, and a vascular associated pericyte marker, NG2, 
demonstrated that the migrating population were exclusively endothelial 
cells (Combes et al., 2009b). Together these studies have shown that PM 
cells are not derived from a migratory subset of cells from the mesone-
phros. Since, early in fetal development, PM cells express many genes in 
common with interstitial cells (Jeanes et al., 2005), it is thus hypothesized 
that PM cells have an interstitial origin either from the initial genital ridge 
mesenchymal cells or from proliferation of somatic cells at the coelomic 
epithelium (Combes et al., 2009b; Schmahl et al., 2000). 
8. Interplay Between PM and Other Testicular 
Cells 
The differentiation of PM cells from interstitial precursors is influ-
enced by molecular interactions with Sertoli cells. The secreted factor desert 
hedgehog (DHH) is produced by the Sertoli cells from 11.5 dpc, and its 
receptor Patched 1 (PTCH1) is present on differentiated PM cells (Bitgood 
et al., 1996; Clark et al., 2000). In a Dhh-null mouse model, PM cells were 
either absent from tubules or displayed a thickened morphology without 
the characteristically organized actin cytoskeleton and therefore suggests 
that signaling from the Sertoli cells stimulates the induction and maturation 
of the PM cells (Clark et al., 2000). Furthermore, expression of Dax1 in 
Sertoli cells also affects PM cell development (Fig. 6.3). Mice with Dax1-
null mutations have only one-third of the number of PM cells compared to 
wild-type gonads, and even 12 weeks after birth, the surviving PM cells are 
relatively undifferentiated (Jeffs et al., 2001; Meeks et al., 2003). It is not yet 
known how Dax1 expression in Sertoli cells results in signals to PM cells. 
Interestingly, both Dhh- and Dax1-null mouse models display defects in 
PM cells and Leydig cells (discussed below), suggesting a common precursor 
mechanism of induction or similar signaling required for maturation. 
9. The Midfielders: Leydig Cells 
Leydig cells were first described in 1850 by Franz Leydig. There are 
two populations of Leydig cells, fetal Leydig cells, which are present in the 
interstitium of embryonic testes from 12.5 dpc until shortly after birth, and 
adult Leydig cells, which arise at puberty. Based on differences in expression 
profiles, fetal and adult Leydig cells are thought to arise as two distinct sets of 
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progenitor cells (Lording and De Kretser, 1972; Roosen-Runge and 
Anderson, 1959; Roosen-Runge and Holstein, 1978). However, these 
differences might not reflect a distinct origin, but rather differences in the 
interaction and function of surrounding cells. 
Fetal Leydig cells produce hormones to masculinize the embryo, including 
Wolffian duct differentiation, testicular decent, masculinization of the external 
genitalia, and sexual dimorphism of the brain. Testosterone production 
by fetal Leydig cells in mouse testes has been reported to start around 
12.5–13.0 dpc and reaches a peak before birth (Gondos et al., 1980). The 
synthesis of testosterone from cholesterol requires the four enzymes P450 
side chain cleavage (CYP11A1/P450SCC/SCC), 3-beta-hydroxy-delta-5-
steroid dehydrogenase (3βHSD), cytochrome P450 17-hydroxylase (CYP17), 
and 17beta-hydroxysteroid dehydrogenase (17βHSDIII). These enzymes are 
often used as molecular markers of Leydig cells (Fig. 6.4). An important step 
in testosterone biosynthesis is the acquisition of the precursor cholesterol, 
which can either be synthesized endogenously by cells or acquired from 
the blood or surrounding cells (Azhar et al., 2003). Immunohistochemistry 
has detected expression of the cholesterol synthesis genes lanosterol 14a-
demethylase (CYP51) and NADH cytochrome P450 reductase 1 day after 
the start of testosterone biogenesis, suggesting that, initially, Leydig cells 
do not synthesize cholesterol and are dependent on exogenous sources 
(Budefeld et al., 2009). Androgens secreted by Leydig cells induce the 
embryonic Wolffian ducts to form the internal male genitalia (consisting 
of the epididymis, vas deferens, and seminal vesicles). Accordingly, in a 
conditional androgen receptor null mouse model, the vas deferens, epidi-
dymis, seminal vesicle, and prostate fail to develop (Yeh et al., 2002). 
In addition, Leydig cells play a key role in the regulation of the two 
phases of testicular decent, transabdominal and inguinoscrotal. Insulin-like 
factor 3 (INSL3) is a hormone expressed by mature Leydig cells (Fig. 6.4), 
and in vitro studies have suggested that it is regulated transcriptionally by SF1 
(Adham et al., 1993; Zimmermann et al., 1998). Insl3-null mice exhibit 
bilateral cryptorchidism suggesting that INSL3 signaling regulates transab-
dominal testicular decent (Nef et al., 2003). Insights from androgen receptor 
mutant mice demonstrate failure of the testes to descend from the inner 
inguinal ring through the inguinal canal to the scrotum, while the initial 
transabdominal phase was normal (Hutson, 1986). Therefore, different 
Leydig cell signals, INSL3 and androgens, have distinct functions in mediat-
ing testicular decent. 
The origin of fetal Leydig cells is unclear. Several sources have been 
suggested, such as common precursor of adrenal steroidogenic cells (Hatano 
et al., 1996), neural crest cells (Middendorff et al., 1993), coelomic epithelium 
(Karl and Capel, 1998), and migrating mesonephric population (Merchant-
Larios and Moreno-Mendoza, 1998; Nishino et al., 2001). However, for 
most of these only circumstantial evidence exists and further research is 
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Figure 6.4 The regulation of Leydig cell development. (A) The morphogen DHH 
expressed by Sertoli cells induces Leydig cell specification through its receptor PTCH1. 
(B) Notch signaling via the receptor Notch3 and the effector Hes1 is key in the 
maintenance of the progenitor population and restriction of their differentiation to 
fetal Leydig cells. (C) Platelet-derived growth factor A (PDGFA) signaling to the 
PDGFRα receptor plays an integral part in the differentiation of Leydig cells. In 
addition, Dax1 expressed by Sertoli cells has been implicated in Leydig cell survival. 
As Leydig cells differentiate, they start to express genes required for steroid synthesis 
such as Scc. (D) Differentiated Leydig cells synthesize testosterone using the four 
enzymes P450 side chain cleavage (SCC), 3-beta-hydroxy-delta-5-steroid 
dehydrogenase (3βHSD), cytochrome P450 17-hydroxylase (CYP17), and 17beta-
hydroxysteroid dehydrogenase (17βHSDIII), which masculinize the developing 
embryo and insulin-like factor 3 (INSL3) for regulation of testicular decent. Both 
INSL3 and SCC are regulated by SF1 at the transcriptional level. 
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needed to clarify this issue (for review, see Griswold and Behringer, 2009). 
By contrast, there is good experimental evidence for the molecular mechan-
ism of specification of fetal Leydig cells (Fig. 6.4A). The morphogen DHH 
is expressed in Sertoli cells of the XY gonad (Bitgood et al., 1996), and its 
receptor PTCH1 has been detected by ISH in the majority of the interstitial 
cells of 12.5 dpc XY gonads including Leydig cells (Yao and Capel, 2002). 
Null mutations of Dhh in mice lead to a greatly diminished Leydig cell 
number. Furthermore, treatment of ex vivo gonad cultures with the global 
hedgehog inhibitor cyclopamine results in a complete absence of fetal 
Leydig cells. The more severe phenotype in the cyclopamine-treated 
gonads compared to Dhh–/– was hypothesized to result from compensation 
by other hedgehog ligands. To show that hedgehog signaling is sufficient 
for Leydig cell specification, Barsoum et al. (2009) employed a gain-of-
function strategy and showed that ectopic expression of DHH in XX 
gonads induces Leydig cell formation without further masculinization of 
the fetal ovary. 
Following specification, the fetal Leydig cell population at least double 
in number during embryogenesis; however, quantitative autoradiography 
has shown that fully differentiated fetal Leydig cells are not mitotically active 
(Kerr and Knell, 1988; Orth, 1982). This suggests that fetal Leydig cells do 
not multiply by division of differentiated Leydig cells but rather due to 
proliferation and differentiation of an undefined population of mesenchymal 
progenitor or stem cells (Orth, 1982). 
The Notch signaling pathway has recently been shown to be a key 
regulator of the maintenance and differentiation of this progenitor cell 
population (Fig. 6.4B; Tang et al., 2008). Notch signaling components 
were detected during testis development with the receptor Notch3 and the 
downstream Notch pathway effecter Hes1 expressed in the interstitial cells 
from 12.5 dpc. Loss of function of Notch signaling using the γ-secretase 
inhibitor N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine-t-butyl 
ester (DABT) ex vivo and Hes1-null mice resulted in an increase in the 
number of differentiated Leydig cells as marked by 3βHSD. Furthermore, a 
gain-of-function approach by overexpressing the Notch intracellular 
domain in early gonadal somatic cells at 11.5 dpc led to a decrease in Leydig 
cell number and an increase in the number of somatic progenitor cells as 
marked by LIM homeobox gene 9 (Lhx9). Hence, Notch signaling main-
tains the progenitor population and restricts their differentiation to fetal 
Leydig cells (Tang et al., 2008). 
In addition to DHH and Notch signaling, which control specification 
and maintenance, another signaling molecule has been implicated in the 
differentiation of fetal Leydig cells. Platelet-derived growth factors (PDGF) 
are homodimers or heterodimers of A, B, C, and D polypeptide chains 
(PDGF-A, PDGF-B, PDGF-C, PDGF-D). These dimers bind to cell surface 
tyrosine kinase receptors PDGFRα and PDGFRβ, which homo- or 
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heterodimerize to transduce intracellular signals (reviewed in Betsholtz, 
2003; Rosenkranz and Kazlauskas, 1999). Expression of PDGF factors and 
receptors has been detected in the fetal XY gonad with Pdgfrα in the 
interstitium and PdgfA in the Sertoli cells at 12.5 dpc (Brennan et al., 2003; 
Uzumcu et al., 2002). In Pdgfrα-null mice mesonephric cell migration, 
Sertoli cell proliferation and fetal Leydig cell differentiation are reduced 
(Brennan et al., 2003). However, the defect in Leydig cell differentiation 
could be secondary to the Sertoli cell phenotype. In Dhh–/–-null XY 
gonads, expression of Pdgfrα and PdgfA was not perturbed, suggesting that 
these are independent pathways. 
One additional transcription factor plays a role in fetal Leydig cells 
differentiation. X-linked aristaless-related homeobox gene (Arx)-deficient 
mice have a reduced number of Leydig cells. Intriguingly, immunohisto-
chemistry of ARX in wild-type XY testes at 12.5 dpc and 14.5 dpc detected 
the protein in PM cells, vascular endothelial cells, and interstitial fibroblast 
cells but not fetal Leydig cells (Kitamura et al., 2002). It would be interesting 
to investigate Arx-null mice by more in-depth genetic analysis to determine 
whether diminished Leydig cell differentiation is due to perturbation of 
cellular interactions with other interstitial cells or a failure of differentiation 
of an interstitial progenitor pool. 
10. The White Lines: Endothelial Cells 
Endothelial cells form the vasculature that links the testis to the 
circulation. The circulation of the fetal testis has been investigated using 
perfusing embryos with fluorescently labeled lectin, and has been identified 
that prior to 12.0 dpc, the blood flows from the mesonephros through the 
vascular plexus at the gonad/mesonephros boundary into the testis. From 
12.0 dpc, endothelial cell remodeling redirected the blood flow into the 
testis via the arterial coelomic vessel (Brennan et al., 2002). The blood flow 
through the coelomic vessel may facilitate the increasing demand of oxygen 
and metabolic compounds to the gonad as it differentiates. 
In the process of establishing the vasculature, endothelial cells direct the 
formation of testis cords (Fig. 6.1). Using recombination gonad/mesone-
phros organ culture experiments, a population of cells was identified that 
migrates from the mesonephros into the XY gonad beginning at 11.5 dpc 
(Buehr et al., 1993; Martineau et al., 1997; Merchant-Larios et al., 1993). 
This migration was found to be downstream of Sry expression and critical 
for testis cord formation (Albrecht et al., 2000; Capel et al., 1999; Tilmann 
and Capel, 1999). In multiple mouse models, perturbed cord formation is 
associated with the loss of testicular vascular structures (Albrecht et al., 2000; 
Brennan et al., 2003). By utilizing genetic markers and specific disruption of 
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endothelial migration with a vascular endothelial cell-blocking antibody 
(VE-cadherin), it has been demonstrated that the migrating population 
of cells are exclusively endothelial cells (Combes et al., 2009b; Cool 
et al., 2008). 
Interesting findings regarding the vascularization of the testis have been 
gained using time-lapse confocal microscopy from 11.5 to 13.5 dpc (Coveney 
et al., 2008). In these experiments, endothelial cells were visualized in exquisite 
detail by GFP markers that were generated by crossing endothelial-specific 
receptor tyrosine kinase (Tie2) Cre mice or kinase insert domain protein 
receptor (Flk1) Cre mice with GFP reporter mice. First, a sex-specific 
breakdown of a large vessel network within the mesonephric was observed. 
Endothelial cells underwent a morphological change from an extended 
squamous cell body to a spherical form. Second, endothelial cells comple-
tely detached from the surrounding endothelial cells. Pioneer endothelial 
cells entered the gonad by extending long filopodia and started to migrate to 
the coelomic domain on the medial surface of the gonad. Third, additional 
endothelial cells transverse the gonad following the same paths as the 
pioneer cells. The coelomic vessel forms under the coelomic epithelium 
and vessels branch off into the interstitium between the testis cords. Con-
sequently, the gonad is partitioned into approximately 10 avascular 
domains. Coveney et al. (2008) hypothesized that predetermined extracel-
lular matrix scaffolds or boundaries between evenly spaced avascular 
domains demarcate paths whereby it is permissive for endothelial cells to 
migrate toward attractive cues secreted by the coelomic epithelium. Con-
versely, in another study it was proposed that the pioneer migratory 
endothelial cells would be spaced at random intervals and modify their 
surroundings such that the subsequent endothelial migration is guided 
along the same track (Combes et al., 2009a). The next step will be to 
apply four-dimensional analysis to study known and unidentified factors 
that influence endothelial migration in transgenic and knockout mouse 
models and with chemical morphogen/inhibitor treatments. This may 
allow identification and classification of factors responsible for mesonephric 
endothelial cell breakdown and remodeling, as well as attraction and guidance 
of endothelial cells to the coelomic surface. Furthermore, additional cell 
types could be labeled with other fluorophores to study cellular interactions 
with endothelial cells. 
Many factors have been identified in the genetic regulatory network 
controlling endothelial cell migration in XY gonads. In the fetal rat testis, 
vascular endothelial growth factor A (VEGFA) isoforms have been detected 
in Sertoli cells, and the use of VEGFA signaling inhibitors in organ culture 
results in reduced vascularization of the testis and impaired cord formation, 
suggesting that VEGFA secretion by Sertoli cells regulates endothelial cell 
migration (Bott et al., 2006). VEGF signaling induces endothelial cell 
migration in other developmental systems (Li et al., 2005), suggesting that 
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this also may be the case during testis differentiation. It has not clear yet how 
important VEGFA signaling is in vivo as compared to other inducer of 
endothelial cell migration. 
For example, the addition of FGF9 to XX mouse gonad organ culture 
has been shown to induce endothelial cell migration, and conversely, cord 
formation is impaired in Fgf9-null gonads (Colvin et al., 1999). In XX 
organ culture, AMH induces mesonephric cell migration, male-like 
vascular formation, and thickening of the coelomic epithelium (Ross 
et al., 2007). The addition of other factors of the TGFβ family, bone 
morphogenic protein 2 and 4 (BMP2 and BMP4), also induces similar 
morphological changes in XX gonads, suggesting that there is redundancy 
in the signaling pathways. Notably, AMH expression starts after meso-
nephric cell migration and neither BMP2 nor BMP4 is endogenously 
expressed in the XY gonad (Behringer et al., 1994; Ross et al., 2007), 
demonstrating that data obtained with this culturing system have to be 
treated with care. However, a yet unidentified morphogen may be signal-
ing through the TGFβ pathway to stimulate endothelial migration. PDGF 
signaling also contributes to testis vasculature development. In Pdgfr-a–/– -
null mice, some XY gonads at 13.5 dpc displayed a disorganized coelomic 
vessel, fewer vessel branches formed between the cords, and abnormal 
number and shape of testis cord (Brennan et al., 2003). While these 
signaling pathways have been shown to be upstream of endothelial cell 
migration, the exact molecular mechanism is unknown. FGF9 and 
PDGFR-a are expressed and have critical functions in other testis cell 
types. Hence, the role of these factors in endothelial cell migration may be 
a secondary rather than direct effect. 
In addition to factors that positively induce endothelial cell migration 
in the XY gonad, ovary-specific factors such as the signaling molecule 
WNT4 act to antagonize endothelial migration in the XX gonad (see 
chapter 7). In addition, the co-factor CITED2, which functions to increase 
Sry expression, has been shown to inhibit cell migration in the ovary 
(Combes et al., 2010). Null mutation in XX gonads induces mesonephric 
cell migration, a transient upregulation of Fgf9, and a delay in Wnt4 
expression (Combes et al., 2010). Whether the transient upregulation of 
Fgf9 is the mechanism for this ectopic cell migration, or whether another 
factor is upregulated in these mice, is not known. 
11.  What All the Fuss Is About: Germ Cells  
The main function of the testis is to provide the necessary environment 
for the PGCs, the embryonic progenitors of the gametes, to differentiate 
into functional sperm. PGCs are specified extra-embryonically before 
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gastrulation at the posterior end of the primitive streak (Chiquoine, 1954; 
Lawson and Hage, 1994). From there they migrate into the adjacent 
endoderm, along the midline of the hindgut, through the dorsal mesentery 
to colonize the forming genital ridges between 10.0 and 11.5 dpc (for 
review, see Richardson and Lehmann, 2010). In the testis, PGC start to 
form clusters from around 11.5 to 12.5 dpc. These clusters are surrounded 
by Sertoli cells, which are further divided into testis cords by migrating 
endothelial cells (Figs. 6.1 and 5). To date, it is not known what factors 
mediate the clustering of germ cells and Sertoli cells in the early testis. 
XX and XY PGCs were always believed to be indistinguishable before 
they colonize the genital ridges with respect to molecular and morpholo-
gical properties (Hilscher et al., 1974). Surprisingly, a recent study has shown 
early differences in the expression of microRNAs (Ciaudo et al., 2009), a 
class of small RNA molecules involved in gene regulation (for review, see 
Bartel, 2009; Chekulaeva and Filipowicz, 2009). Ciaudo et al. (2009) exam-
ined the expression of miR-302d in PGCs from 8.5 to 13.5 dpc. Strikingly, 
miR-302d was strongly enriched in XY PGCs at 8.5 dpc and increased 
through to 9.5 dpc while its expression remained at background levels in 
XX PGCs at these stages. Thus, it might be that miR-302d, and perhaps the 
miR-302 cluster, is involved in establishing sex-specific fate in the germline 
prior to the establishment of the gonad. 
Within the gonads, PGCs express pluripotency markers such as OCT4 
(pPOU5f1, POU domain, class 5, transcription factor 1). The hallmark of 
PGC differentiation is their entry into meiosis and therefore downregula-
tion of OCT4 in ovaries (see chapter 7) and mitotic arrest and continuous 
OCT4 expression in testes (Hilscher et al., 1974; Western et al., 2008). 
Between 12.5 and 14.5 dpc, PGCs within the testis exit the cell cycle and go 
into G1/G0 arrest until after birth (Fig. 6.5B), when they re-enter mitotic 
cycle and start the meiotic cycle at puberty (Fig. 6.5C). Although it has been 
shown that PGCs in the testis are prevented from entering meiosis by the 
Sertoli cell-expressed enzyme CYP26B1 (Bowles et al., 2006), what causes 
their arrest in mitosis is still unexplained. According to their exit of the cell 
cycle, the expression of key regulators of the G1/S phase is changed. Cell 
cycle inhibitors such as p15INK4b and p27Kip1 are upregulated, whereas 
promoters of the cell cycle such as cyclin D3 and cyclin E1 and E2 are 
downregulated (Western et al., 2008). Different mechanisms have been 
suggested to account for mitotic arrest of PGCs in testes. First, it was 
often seen as the default pathway that takes place when not entering 
meiosis. Second, the reduction of retinoic acid by CYP26B1 could not 
only prevent entry into meiosis but also drive the PGC into mitotic arrest 
(Trautmann et al., 2008). Third, a HMG box-containing transcription 
factor, HBP1, which is specifically expressed in XY germ cells at the time 
of mitotic arrest and has been shown in other systems to induce cell cycle 
arrest, could be responsible. Fourth, the cell cycle regulator retinoblastoma 
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Figure 6.5 Key events in XY germ cell development. (A) By 11.5 dpc, all primordial 
germ cells (PGCs) have colonized the genital ridges. PGCs proliferate and form clusters. 
During this phase, PGCs express pluripotency markers such as Oct4. (B) Between 12.5 
and 14.5 dpc, PGCs exit the cell cycle and go into mitotic arrest. PGCs in the testis are 
prevented from entering meiosis by the Sertoli cell-expressed enzyme CYP26B1, which 
decreases the levels of retinoic acid (RA). Cell cycle inhibitors such as p15INK4b and 
p27Kip1 are upregulated, whereas promoters of the cell cycle such as cyclin D3 and 
cyclin E1 and E2 are downregulated. (C) At puberty, germ cells resume their journey to 
becoming spermatozoa. Germ cells re-enter the mitotic cycle, enter meiosis, and 
therefore downregulate pluripotency genes. 
1 (RB1) has recently been shown to be required for correct germ cell entry 
into mitotic arrest. However, in its absence upregulation of other cell cycle 
inhibitors induced delayed germ cell arrest (Spiller et al., 2010). And fifth, 
ectopic expression of the Sertoli cell-expressed transmembrane protein 184a 
(TMEM184a) in XX genital ridges results in XX germ cell sex reversal, 
suggesting that signaling through this putative receptor has a role in inhibi-
tion of meiosis or promoting mitosis (Svingen et al., 2007, 2009). Clearly, 
further studies are necessary to identify molecular pathways underlying this 
male-specific differentiation of PGCs. 
12. Concluding Remarks 
Since the discovery of the testis- and therefore male-determining gene 
Sry in 1990, exciting progress has been made in unraveling the molecular 
and cellular mechanisms of testis differentiation. We have highlighted areas 
of uncertainty throughout this review. In addition to deficiencies in our 
understanding of the exact relationship between important factors that are 
involved in testis differentiation, we are faced with the challenge of under-
standing morphogenesis. Progress has been made due to the development of 
markers for the different cell types and live-cell imaging techniques. How-
ever, for some cell types, such as PM cells, we still do not have a specific 
marker, and other aspects of morphogenesis such as anterior/posterior and 
dorsal/ventral patterning have not been studied in detail. In addition, 
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unexplained cases of human DSDs suggest that we are still missing much 
information about genes involved in these processes, their interaction with 
each other, and their regulation. Recent genomic approaches are aimed at 
identifying networks of gene regulation (Munger et al., 2009), but any 
suggested interaction will need further work for verification and character-
ization. In addition, the identification of new mechanisms of gene regula-
tion mediated, for example, by noncoding RNAs, including microRNAs, 
opens a whole new field of possible regulatory pathways that might be 
important to testis development. 
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